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This thesis presents an experimental study designed for the characterization of the tabletting
behaviors of Starch 1500®, Starcap 1500®, LHPC LH-11 and LHPC LH-B1, chosen for their dis-
play of self-lubrication properties, in the form of efficient stress transmission, low ejection forces
and anti-capping propensities, with two specific aims: 
Firstly, the mechanisms underlying the tabletting performance of the materials were investi-
gated. Secondly, in order to develop a robust experimental characterization method, the value of
the experimental indicators used in this work was assessed.
 The time dependence of plastic flow was evidenced through a strain rate sensitivity study: the
variations of a set of experimental parameters with the compaction rate were observed. On the
one hand, the axial (AER) and diametral (DER) tablet relaxations provided an indirect measure
of the elastic deformation of the powder bed. On the other hand, the Heckel Yield Stress (σyH),
Kawakita parameters a and b, and the maximum stress transmission coefficient (STCM), allowed
an evaluation of the extent of plastic flow. 
Secondly, the initial (SRR0), final (SRRF) and average (SRRAv) stress relaxation rates, as well
as the proportion of stress lost during relaxation (ΔPM) of the four powders were quantified from
stress relaxation experiments. Also, a new approach based on linear combinations of exponen-
tial decay functions, was proposed for the analysis of stress relaxation curves obtained for pow-
der beds.
Finally, the maximum ejection force and profiles, used in conjunction with the unejected com-
pact surface roughness and the final tablet shape served to elucidate the different relaxation phe-
nomena taking place during the unloading and ejection phases, as well as investigate die wall
friction. The mechanical strength of the final tablets allowed an estimation of the final particle
cohesion achieved.
The major finding of this work is that the tabletting behaviors of the powders result from the
specific balance between their degrees of plastic and elastic deformations. More precisely, plas-
tic flow governs the compact consolidation through interparticulate bonding, but also the strength
of the adhesive junctions formed between the tablet and the die wall, responsible for friction.
Axial elastic recovery of the tablet during unloading causes the weakening of interparticulate
bonds through their stretching, but also the cleavage of the compact-die wall plastic junctions
and thus a reduction in the friction force between them. The fine-tuning of these two phenomena
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A  review of  the  current  commercial as well as  technical  situation  in  the  field of pharmaceutical
tabletting  is  presented  here,  as  a  backdrop  to  our  topic  of  interest:  "self‐lubrication"  properties
observed  in certain pharmaceutical  filler‐binders. This  is  followed by an outline of  the present work,
including origins, aims and objectives, as well as a description of the thesis.
1.1. TABLETS AMONG PHARMACEUTICAL DOSAGE FORMS
Drug substances are mostly dispensed as formulated preparations or medicines, instead of
pure chemical substances alone, in order to make their manipulation and absorption by patients
as easy and efficacious as possible (York, 2004). Numerous dosage forms exist for the treatment
of an illness, which allow an active substance to reach its target within the human organism, in a
suitable chemical form and in the desired amount of time. From a practical point of view, medi-
cines are required to withstand storage and handling, to protect their active pharmaceutical
ingredient (API) from adverse environmental effects and to be consistently manufacturable.
A given drug substance may be dis-
pensed through one or several delivery
routes, detailed in Figure 1.1., depend-
ing on its physico-chemical properties
and on the therapeutic response
intended: Preparations can be injected
intravenously, taken orally, inhaled,





The prevailing oral dosage form today
is the tablet, due to its elegance (Alderborn & Nyström, 1996). Since William Brockedon’s patent





























Ch1: Introductionson, 1971; Rowe, 2003), the tablet has become the most popular oral dosage form, due to many
advantages: a convenient way of administration to patients, the stability of APIs in a dry dosage
form and the fact that pharmaceutical compacts are easy to manipulate, to store, to distribute
and to produce in large quantities (York, 2004; Zanowiak, 2000; Alderborn & Nyström, 1996).
The most recent figures available go back to 1997, when tablets made up more than 80% of all
medication doses distributed and accounted for (Lordi & Cuitiño, 1997) more than 30% of the
dosage forms employed for new medical entities in the USA as well as for more than 40% of the
formulations on the market in the UK (Rowe, 2003). In the past ten years, expansion projects and
production targets announced by pharmaceutical companies show that the tablet has retained a
strong position on the international pharmaceutical market (Pharmaceutical Technology, 2007a
to 2007w; Elliott & Hancock, 2006).
1.2. PHARMACEUTICAL TABLETTING NOWADAYS
Tablets of various types, forms, dissolution profiles and absorption patterns exist, which can be
roughly grouped into four categories, according to their dissolution behavior: disintegrating, sub-
lingual, extended-release, and delayed-release. However, their common denominator is the way
in which they are produced, i.e., powder compaction (Alderborn & Nyström, 1996; York, 2004). 
1.2.1. PHARMACEUTICAL TABLET MANUFACTURE
Tablets are generally formed by uniaxial die pressing, which consists in the vertical compres-
sion of a powder bed between two punches, within the confines of a die. The resulting compact is
ejected by pushing it out of the die. 
Drug substances cannot commonly be compressed into tablets alone, due to their poor com-
pactability and to the fact that the amount required in an oral dosage form is generally too low to
yield a compact volume convenient for handling. Consequently, in addition to the APIs, tablet for-
mulations consist of a mixture of various excipients, i.e. inert edible powders possessing one or
several specific properties, which facilitate the formation and processing of consistent, high qual-
ity compacts, as well as enhance their final mechanical, organoleptic and drug delivery charac-
teristics (York, 2004). More precisely, binders and fillers/diluents give the tablet its cohesion and
volume, respectively. Lubricants, glidants and antiadherents prevent any material or the compact
itself, sticking to dies, punches and other mechanical parts. Disintegrants help the tablet dissolve
in the mouth and digestive tract of the patient by causing its fragmentation. Colorants and flavors
evidently give the compact its final appearance and taste. Multifunctional excipients, such as
filler-binders are privileged, since, by combining several desirable properties they reduce the
number of formulation components and thus facilitate mixing.
Formulations may require granulation prior to compaction in order to improve their flowability
and thus die-filling quality. However, direct compaction, which is the compaction of powders pre-
ceded only by mixing of the individual materials (Alderborn & Nyström, 1996) is highly desirable,
since, by simplifying the tabletting process, it reduces the required amounts of equipment,Page 21
Ch1: Introductionenergy, labor and thus lowers production costs. A survey conducted in 1992 in the USA showed
that direct compaction was a popular method among pharmaceutical companies (Bolhuis &
Chowhan, 1996). The prominence of the latter method seems to have grown along the years,
since many new direct-compaction excipients have been introduced on the pharmaceutical mar-
ket (Steendam & Lerk, 1998; Takeuchi et al, 1998; Jivraj, 2000; Casalderrey et al, 2000; Alvarez-
Lorenzo et al, 2000; Bolhuis et al, 2001; Eissens et al, 2002; Zhang et al, 2003; Freitag et al,
2005; Bolhuis & Armstrong, 2006; Gonissen et al, 2007).
1.2.2. PHARMACEUTICAL POWDER COMPACTION PROBLEMS
A decade ago, the design of compact formulations was still based, to a large extent, on experi-
ence or empirical knowledge (Alderborn & Nyström, 1996). Since then, much investigative work
has been carried out on all aspects of powder compaction, such as, for example, tablet formation
mechanisms (Briscoe & Rough, 1998a; deCrosta et al, 2000; Liu & DeLo, 2001; Denny, 2002;
Zhao et al, 2006), physical phenomena involved in the ejection process (Briscoe & Rough,
1998b; Otz & Thoma, 2000; deCrosta et al, 2001) and final compact properties (Edge et al, 2000;
Shimizu et al, 2003; Hersen-Delesalle et al, 2007). The long-term result of these efforts would be
a robust predictive theoretical model able to predict the outcome of tabletting lines from the prop-
erties of formulation components or from operation conditions, allowing the optimization of the
entire process.
The complexity of the compaction process - what at first sight seems to be a simple mechanical
operation - was recognized early (Hiestand et al, 1977). Problems still exist in large-scale pro-
duction of tablets, such as high weight and dose variation, low mechanical strength, capping and
lamination of compacts, limited use of direct compression, sensitivity to batch variability of start-
ing materials, adhesion or sticking of powders to punch tips and high friction during ejection
(Alderborn & Nyström, 1996; Lordi & Cuitiño, 1997; York, 2004).
Tablet defects such as capping or lamination occurring during compaction and ejection pro-
cesses have been a consistent problem in pharmaceutical tabletting and much work has been
carried out to elucidate the mechanisms of, predict and eliminate these phenomena. The main
causes put forward are the presence of entrapped air in the powder bed, die wall friction, residual
die wall forces and the material behaviors of the powders considered (Train, 1956; Long & Alder-
ton, 1960; Long, 1960; Shotton & Ganderton, 1961; Hiestand et al, 1977; Jarosz & Parrott, 1982;
Hiestand & Smith, 1984; Sugimori et al, 1989c; Garr & Rubinstein, 1991b; Tanino et al, 1995;
Nokhodchi et al, 1995; Sugimori & Kawashima, 1997; Takeuchi et al, 2004; Di Martino, 2007).
1.2.3. SELF‐LUBRICATION PROPERTIES OF FILLERS‐BINDERS
Starch 1500® ( ) or partially pre-gelatinized starch, is a well-known filler-binder dat-
ing back to the 1970s (Bolhuis & Chowhan, 1996; Zhang et al, 2003; Colorcon, 2005a). A less-
known excipient, but which also possesses good tablet consolidation properties is low-substi-
tuted hydroxypropyl cellulose, also known as LHPC ( , ) (Nordby & Pick-Page 22
Ch1: Introductionard, 1983; Sugimori et al, 1989c, Kawashima et al, 1993; Alvarez-Lorenzo et al, 2000, Shimizu et
al, 2003). These two materials are brought together by the fact that they both display "self-lubri-
cation" properties: Limited investigations with compaction simulators have shown that their incor-
poration reduces capping phenomena and residual radial die wall forces in direct compression
formulations. Starch 1500® and LHPC also appear to have a high force transfer ratio between
the upper and lower punches, low ejection forces, and some anti-sticking effects (Sugimori et al,
1989c; Bolhuis & Chowhan, 1996; Takeuchi et al, 2004; Di Martino et al, 2007). These "self-lubri-
cation" properties would add to the popularity of these excipients, giving them an additional ele-
ment of multifunctionality and would allow to further lower equipment, energy, labor and thus
financial demands in tabletting processes.
According to the "Oxford Dictionary of Science", lubrication is the use of a substance to prevent
contact between two solid surfaces in motion in order to reduce friction, wear, overheating and
rusting (Oxford University Press, 2003a). Tablet lubricants are mainly intended to improve tablet
formation and ejection by reducing interparticulate and powder- or compact-die wall friction. The
former are generally low shear strength solids able to adhere to the surfaces rubbing against
each other (Train & Lewis, 1962; Moody et al, 1981; Miller & York, 1988; Alderborn, 2004). From
the experimental observations made on Starch 1500® and LHPC, but without any mechanistical
explanation or material properties available at this point, the term "self-lubrication", to be investi-
gated further, is defined, on a first basis, as "the reduction of the adverse effects of friction during
the tabletting process".
1.3. ORIGINS, AIMS AND OBJECTIVES OF THIS WORK
The original and global aim of this study was to acquire more insight into the mechanisms
responsible for "self-lubrication" properties of pharmaceutical excipients.
The starting point of this investigation was the qualitative and quantitative characterization of
the tabletting behaviors of Starch 1500® and a fibrous grade of Low-Substituted Hydroxypropyl
Cellulose (LHPC LH-11) as two self-lubricating filler-binders: consolidation mechanisms, vis-
coelasticity and effects of friction during compact formation, decompression and ejection as well
as capping tendency or lack thereof were considered.
As the research progressed, two new materials were introduced into the study: Starcap 1500®,
a co-processed mixture of Starch 1500® and native starch, initially intended for capsule-filling,
but displaying good compaction properties, and LHPC LH-B1, a coarser, high bulk density grade
of Low-Substituted Hydroxypropyl Cellulose. These new excipients on the market required an
assessment.
The resulting final objectives of this work are listed as follows:
• Elucidation of the tabletting behaviors of the four above-mentioned powders, as described.
• Mechanical characterization and surface topography of resulting tabletsPage 23
Ch1: Introduction• Evaluation the appropriateness of Starcap 1500® and LHPC LH-B1 as direct compression filler-
binders.
• Comparisons to be drawn between all excipients, in order to elucidate the physical phenomena
generating "self-lubrication" and capping prevention, as well as to allow optimization of tabletting
conditions.
1.4. GENERAL DESCRIPTION OF THE THESIS
The research undertaken during this PhD is presented in this thesis, in the form of 8 chapters,
the abstracts of which are given below: Obviously, the manuscript begins with this introduction
which familiarizes the reader with the pharmaceutical field, the literature review and useful back-
ground knowledge span the two following chapters, the next chapter is dedicated to the descrip-
tion of the experimental methods used, results are presented and discussed in three chapters
and finally, conclusions are drawn and developed in the final chapter of this thesis.
CHAPTER 1: INTRODUCTION
A review of the current commercial as well as technical situation in the field of pharmaceutical
tabletting is presented here, as a backdrop to our topic of interest: "self-lubrication" properties
observed in certain pharmaceutical filler-binders. This is followed by an outline of the present
work, including origins, aims and objectives, as well as a description of the thesis.
CHAPTER 2: PHARMACEUTICAL TABLETTING BY POWDER COMPACTION ‐ REVIEW OF
CURRENT LITERATURE
The tabletting process is here comprehensively reviewed: practical aspects are firstly covered,
including the principles of laboratory-scale as well as industrial-scale tabletting. Moving into the
frame of research, underlying physical phenomena of compact formation are then explained, fol-
lowed by the physics of tablet ejection. For a complete portrait, factors affecting the final tablet
quality are listed. The investigation and quality control of the tabletting process are finally
detailed through the description of a set of experimental methods commonly used to characterize
the compaction process or consolidation behavior of materials and the final compact.
CHAPTER 3: SOLID INTERFACIAL FRICTION DURING THE TABLETTING PROCESS
This Chapter begins with an overview of friction phenomena during tabletting processes,
including physical mechanisms and resulting adverse effects during the compaction, decompres-
sion and ejection stages, as well as possible damage caused to the final compacts, such as cap-
ping and lamination. This is followed by a review of the physical properties and compaction
behavior of the four excipients characterized in this work, with a special focus on their self-lubri-
cation properties. The phenomenon of self-lubrication in tabletting is then discussed and com-
pared to pure lubrication. Under the popular assumption that the self-lubrication properties of
pharmaceutical powders are related to their viscoelastic behavior, the latter phenomenon is
described and relevant experimental characterization methods are presented.Page 24
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In this Chapter are presented the pharmaceutical powders characterized in this study, with rel-
evant physical and chemical properties. Detailed protocols are supplied for all the experimental
and analytical techniques used. All physical principles underlying the analytical methods
employed are explained and the settings chosen for each specific characterization are detailed,
as well as the calculations leading from the raw data to the final desired parameters.
CHAPTER 5: RESULTS & DISCUSSION I: ELASTIC DEFORMATION
 The interpretation of the experimental results obtained in this work is presented in the three fol-
lowing Chapters: With the aim of characterizing the tabletting behavior of Starch 1500®, Starcap
1500®, LHPC LH-11 and LHPC LH-B1, the discussion is structured around the major physical
phenomena involved in the formation of a compact, its decompression and its ejection. 
This Chapter begins with the description of the strain rate-induced compaction load overshoot,
which is an unalterable experimental bias affecting the data obtained from the strain rate sensitiv-
ity study. This is followed by the discussion of the Global Work of Compaction (WC) which pro-
vides an overview of all physical phenomena involved in the formation of a compact. The main
focus of the Chapter is the investigation of the phenomenon of elastic deformation through the
observation of the elastic deformation work (WE) and the tablet axial (AER) and diametral (DER)
elastic relaxations. The development of a semi-empirical relationship between the AER and the
DER establishes the axial elastic relaxation as the dominant mechanism for the release of the
elastic energy injected in the compact through pressing. The global decrease in the AER with an
augmentation in the compaction velocity constitutes a first observation of strain rate sensitivity of
Starch 1500®, Starcap 1500®, LHPC LH-11 and LHPC LH-B1. An outstanding outcome of this
preliminary characterization is the observation of Starch 1500®’s exceptional elastic deformation
capacity, which is expected to impact strongly on the final cohesion of its tablets through the
stretching of interparticulate bonds. However, the work of elastic deformation does not reflect the
trends of the AER. This is probably due to the fact that these two phenomena, which should be
exact opposites, are separated by the compact consolidation process, which changes the confor-
mation and configuration of the powder particles.
This first characterization, as such, brings no specific conclusions with regards to the tabletting
behavior of the four excipients of interest, however it is complemented by the data presented in
the two following chapters.
CHAPTER 6: RESULTS & DISCUSSION  II: PLASTIC DEFORMATION AND VISCOELASTIC
BEHAVIOR
In this Chapter, the plastic deformation propensities and the viscoelastic behavior of the set of
excipients of interest are characterized in three parts: 
Firstly, a global evaluation of the powder bed volume reduction capacity, mainly through plastic
flow is provided by the analysis of the work of plastic deformation (WP).Page 25
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study conducted on four experimental indicators which provide an indirect qualitative evaluation
of plastic flow. The latter are the Heckel Yield Stress (σyH) and Kawakita parameter b, which may
be considered as equivalent representations of the material’s resistance to deformation, as well
as Kawakita constant a and the maximum stress transmission coefficient (STCM), which reflect
the volume reduction capacity of the powder bed ultimately through permanent deflection.
Finally, the viscoelastic behaviors of Starch 1500®, Starcap 1500®, LHPC LH-11 and LHPC
LH-B1 are quantified in a stress relaxation study, through the determination of their initial (SRR0),
final (SRRF) and average (SRRAv) stress relaxation rates, as well as their proportion of stress
lost during relaxation (ΔPM). Also, a new approach, based on the driving force theory used to
model mass transfer processes is proposed for the analysis of stress relaxation curves obtained
for powder beds.
CHAPTER 7: RESULTS & DISCUSSION III: CHARACTERIZATION OF THE FINAL TABLET
 This Chapter brings the discussion to its end by providing the final piece of the tabletting
behavior puzzle and by tying together all the experimental observations made in this work.
The latter begins with the analysis of the maximum ejection force, in conjunction with the une-
jected compact surface roughness. This allows to discriminate between the effects of plastic flow
and of elastic relaxation on the maximum ejection force.
Secondly the quality of the final tablets, i.e, their tolerance to manipulation, storage and distri-
bution, as well as the final particle cohesion achieved through the combination of plastic defor-
mation and elastic recovery, is evaluated through their mechanical strength. 
The analysis of the final compact shape, or more precisely, its deviation from an ideal cylindri-
cal geometry leads to an evaluation of the chronology and of the intensity of the different relax-
ation phenomena taking place during the unloading and ejection phases.
Finally, the tabletting behaviors of Starch 1500®, Starcap 1500®, LHPC LH-11 and LHPC LH-
B1 are postulated, based on all the results presented in this study.
CHAPTER 8: CONCLUSIONS
This chapter presents the key findings of this work, with respect to two main goals:
A description of the tabletting behaviors of Starch 1500®, Starcap 1500®, LHPC LH-11 and
LHPC LH-B1 is given, with a discussion of the postulated self-lubrication properties. Also, the
possible applications of these excipients are considered.
Finally, the value of each experimental indicator involved in this study is assessed with the aim
of designing an optimal battery of tests allowing a quick and efficient characterization of any pow-
der deemed appropriate for tabletting.Page 26








Regardless of the chosen production mode (industrial or laboratory-scale), tablets are invari-
ably formed by single axis die pressing, which is the vertical compression of a powder bed
between two punches, within the confines of a die. Particles are forced into close proximity to





 It is common knowledge that the compaction cycle can be divided into three key stages, illus-
trated in Figure 2.1. and in Figure 2.2.: die filling, compaction and tablet ejection (Gethin et al,
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Die Filling Compacon EjeconPage 27
Ch2: Pharmaceutical Tabletting by Powder Compaction: Review of Current Literaturedesired material volume, the powder is fed into the die by gravitational flow from a funnel or hop-
per. The top punch is then inserted and descends into the die, until a suitable load is attained,
causing rearrangement and eventually bonding of the particles to yield a coherent solid. After
withdrawal of the top punch, the tablet is ejected: This can be done from the top or the bottom of
the die: One of the punches is removed and a force is applied to the remaining punch, allowing it
to push the compact out of the die.
Aside from the obvious, the main differences between the two methods are the respective
punch movements, the ejection phase and the compaction velocities achievable: In the former
case (Figure 2.1.), compact formation and ejection are achieved by the sole descent of the top
punch into the die, the bottom punch being stationary or absent, respectively. Compactions in the
laboratory may be carried out at velocities stretching from 1.67·10-5 to 16.7 mm.s-1 (Instron,





ing  powder;  U1  to  U8:  Upper  punches  in  raised  position;  L1:  Lower  punch  at  top  position,  tablet
ejected; L2 to L7: Lower punches dropping to lowest position and filling die with powder to an overfill



















































Die Filling Compacon EjeconPage 28
Ch2: Pharmaceutical Tabletting by Powder Compaction: Review of Current LiteratureIn the case of continuous tabletting on industrial rotary or multi-station presses (Figure 2.2.),
the punch and die sets follow simultaneous cyclic patterns of movement: the two punches
advance towards each other, in the die bore, to achieve compression of the powder bed, then
ascend to allow decompression of the tablet and removal of the top punch as well as ejection
from the top of the die. Rotary presses can produce over 5·105 tablets a minute (Shotton &
Ridgeway, 1974; Hunter, 1983; Alderborn, 2004) at punch velocities ranging from 100 to 400
mm.s-1 (Roberts & Rowe, 1985).
It is a standard practice to carry out pharmaceutical tabletting in punch and die sets made of
"tool steels". The latter refers to a variety of carbon and alloy steels which are particularly well-
suited to be made into tools due to their distinctive hardness, resistance to abrasion, their ability
to hold a cutting edge, and/or their resistance to deformation at elevated temperatures. With a
carbon content between 0.7 and 1.4%, tool steels are manufactured under carefully controlled
conditions to produce the required quality. The manganese content is often kept low to minimise
the possibility of cracking during water quenching. Tool steels may be categorized as multi-pur-
pose (S1, S5, S7, 408), wear/abrasion-resistant (A2, D2, D3) and corrosion resistant (S1, S7,
408, 440C), depending on their chemical compositions (APhA, 1995a; Wikipedia, 2008). Envi-
ronmental conditions such as temperature and humidity are generally regulated to meet the for-
mulation’s and especially the API’s stability requirements during tablet production.
2.2. COMPACT FORMATION: UNDERLYING PHENOMENA
The aim of powder compaction is to bring particles into close vicinity and irreversibly increase
interparticulate contact areas in order to promote the formation of more powerful and more
numerous adhesive interactions between particle surfaces. This should ensure the obtention of a
reasonably coherent tablet.
Clean contiguous solid bodies separated by minute distances adhere to each other through the
interactions of atoms or functional groups present on their respective surfaces (Lee, 1991). The
former are endemic to the powder itself, or are part of coatings applied to the particles and give
rise to electrostatic interactions (Train & Lewis, 1962; Giancoli, 2000) involving ions or highly
ordered polar functional groups (Führer, 1996), Lifshitz - van der Waals forces (Karehill &
Nyström, 1990a; Luangtana-Anan & Fell, 1990; Lee, 1991; Nyström et al, 1993; Podczeck, 1998;
Li et al, 2004) and hydrogen bonds (Atkins & de Paula, 2002). Interparticulate adhesion may also
result from the presence of substances foreign to the powder being processed. The most com-
mon case is that of humidity: a water sorption layer, i.e., a strong and flexible bridge of water mol-
ecules held together by hydrogen bonds, may form between particles (Podczeck, 1998). Liquid
water, either collected in the pores of hydrophilic, porous materials or condensing from the ambi-
ent air, may fill the empty space between particles and give rise to capillary forces pulling the
solid surfaces together (Train & Lewis, 1962; Führer, 1996; Adamson & Gast, 1997). Adhesive
interactions between solid surfaces are a function of the nature and geometry of the contiguousPage 29
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wettability and roughness (Karehill & Nyström, 1990a; Führer, 1996; Podczeck, 1997).
 Powder compaction is here described from a phenomenological point of view, with the aim of
introducing the main concepts of materials mechanics involved in the consolidation of a compact:
Upon loading, volume reduction of the powder bed takes place by particle rearrangement
(Figure 2.3. a): Fragile arching systems, initially present in the loose powder, collapse and parti-
cles slide past each other, with minimal deformation and fragmentation, to fill voids of appropriate
size, until optimal packing of the powder bed is attained and interparticulate friction prevents any
additional movement (Train & Lewis, 1962; Hardman & Lilley, 1973; Fischmeister et al, 1978;






Ch2: Pharmaceutical Tabletting by Powder Compaction: Review of Current LiteratureThe increasing stress applied to the system then causes the particles to deform elastically
(Carstensen & Toure, 1980; Gethin et al, 1994): A linearly elastic material deforms proportionally
to an applied load and recovers its original shape when the load is removed, as illustrated in
Figure 2.3. b. This behavior is mathematically described by Hooke's law, the coefficient of pro-
portionality between stress and strain being the Young's modulus of the material, which is a mea-
sure of its resistance to deflection (Ashby & Jones, 1996). Elastic deformation only takes place
over a narrow range of forces (Benham et al, 1996a), since there is a quota of mechanical
energy, the solid’s elastic limit, which the sample can store under load and release upon decom-
pression, without an irreversible alteration of its physical structure.
Two cases should be considered when powder bed loading exceeds the material’s elastic limit:
Brittle particles, which are unable to accommodate further deformation, fragment into smaller
pieces, which then find new positions, thus adopting an ever tighter packing configuration
(Figure 2.3. c; Hardman & Lilley, 1973; Carstensen & Toure, 1980; Duberg and Nyström, 1982;
Alderborn et al, 1985). However, a ductile substance has the capacity to flow plastically, i.e. to
undergo permanent deflection without fracture, beyond its yield strength (Train & Lewis, 1962;
Benham et al, 1996a). This results in a smooth filling of interparticulate voids (Figure 2.3. d;
Hardman & Lilley, 1970 & 1973; James, 1977; Fischmeister et al, 1978; Carstensen & Toure,
1980). The plastic deformation energy involved is consumed by the displacement of dislocations
or defects along slip planes in the solid’s structure and cannot be recovered upon unloading. Brit-
tle fragmentation and plastic flow contribute to the reduction of the powder bed porosity and par-
ticularly to compact consolidation by increasing the interparticulate contact area.
During decompression, prior to ejection, the elastic energy stored inside the tablet is released
by volumetric expansion in the axial direction within the confines of the die (Figure 2.1. step 4;
Gregory, 1962; Gethin et al, 1994; Maarshalk et al, 1996; Maarschalk et al, 1997). This causes
the stretching, possibly the rupture of previously formed interparticulate bonds and an increase in
tablet porosity (Hiestand et al, 1977; Hiestand, 1997).
Some materials, such as polymers, amongst which pharmaceutical powders, do not exhibit a
linear elastic range but show an interdependence of stress and strain with time, which is termed
"viscoelastic behavior" (Benham et al, 1996a). After unloading and later ejection, in addition to
elastic relaxation, considerable recovery of residual tablet strain may occur (Roberts & Rowe,
1987b; Cespi et al, 2007), involving tablet consolidation by plastic flow or molecular reorganiza-
tion (Karehill & Nyström, 1990b; Picker, 2001). This phenomenon will be discussed in more detail
later on.
2.3. EJECTION PROFILE AND EJECTION FORCE
The final step in the compaction cycle is the ejection of the tablet from the die (Figure 2.1. steps
5 & 6). This process is highly influenced by the compact-die wall friction, which results from adhe-
sive junctions formed between the two or from radial forces developed in the compact and hold-





Ejection profiles possess a set of common characteristics described hereafter (Macleod & Mar-
shall, 1977; Paramanand & Ramakrishnan, 1984; Gethin et al, 1994; Briscoe et al, 1995; Briscoe
& Rough, 1998b): The load recorded makes a steep jump from a quasi-null value (B) to the static
ejection load (C), when the top punch makes contact with the compact, after descending into the
die with little friction at the die wall (A-B). This corresponds to the force necessary to dislodge the
compact from the die, i.e., to overcome the radial expansion and die wall friction maintaining it in
place. After the first movement of the tablet, the ejection force decreases to a new value and a
plateau is observed (D), corresponding to the dynamic ejection force, or the force necessary to
keep the tablet moving in spite of die wall friction and any other obstacle. This load value is main-
tained until the compact emerges from the die (E). The discrepancy with respect to zero (F) then
observed is due to the gradual decrease of the contact surface area between the compact and
the die walls, which corresponds to the proportion of friction and to the radial die wall pressure
during the compact displacement, as the compact exits the die.
The amplitude of the ejection profile depends mainly on the amount of friction between the
compact and the die wall, which is determined by the contact area and the strength of the adhe-
sive forces between the two (Kikuta & Kitamori, 1985). The former is proportional to the compact
aspect ratio or height (Macleod & Marshall, 1977; Gethin et al, 1994; Briscoe et al, 1995; Briscoe
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lubrication conditions, the applied compaction stress, the ejection velocity, the temperature, the
type of powder with its propensity to form adhesive junctions or develop residual die wall forces
after formation of the tablet (Yarnton & Davies, 1963; Kikuta & Kitamori, 1985; Briscoe et al,
1995; Briscoe & Rough, 1998b) and particle properties such as size and shape (Paramanand &
Ramakrishnan, 1984).




The terms compressibility, compactability and tablettability have been defined in order to easily
quantify the volume reduction capacity and the extent of interparticulate bonding and cohesion of
a powder under a given load or at a certain degree of densification. These three quantities origi-
nate from the relationships between the compaction load, compact porosity or solid fraction and
tablet tensile strength, as illustrated in Figure 2.5. (Leuenberger, 1982; Leuenberger & Jetzer,
1984; Leuenberger & Rohera, 1986 a & b; Joiris et al, 1998; Jain, 1999; Sun & Grant, 2001b; Tye
et al, 2005; Sonnergaard, 2006; Sun, 2008).
This approach connects the driving force, physical
effect and final result of powder compaction and takes
into account every physical phenomenon contributing
to interparticulate bonding, i.e. the reduction of interpar-
ticulate distances, the formation of a contact area
between particles and the number and amplitude of
attractive interactions between solid surfaces.
Figure 2.5. Physical Definitions of Compressibility, Compactability and Tablettability
The main recommendations for the formation of a suitable compact are an extensive interpar-
ticulate contact area formed by fragmentation or plastic flow (Hiestand et al, 1977, Li et al, 2004),
a large work of compaction (Ragnarsson & Sjögren, 1985; Klemm & Sobek, 1989) leading to
strong interactions between particle surfaces and, especially, the minimization of elastic recovery
upon unloading and ejection, which would cause the stretching and possibly the rupture of inter-
particulate bonds, thus weakening or damaging the final tablet (Hiestand et al, 1977; Klemm &














It has been shown that the particle size (Huffine & Bonilla, 1962; Shotton & Lewis, 1964; Craw-
ford & Paul, 1982; Roberts & Rowe, 1987b; Alderborn, 2003), particle size distribution (Huffine &
Bonilla, 1962; Fichtner et al, 2005) and shape (James, 1977; Crawford & Paul, 1982; Para-
manand & Ramakrishnan, 1984) play an important role in the compaction process, as these
determine the powder flow and die filling properties (Briscoe & Özkan, 1997), as well as its rear-
rangement propensity at low loads (Crawford & Paul, 1982), and consequently spatial arrange-
ment and thus initial powder bed packing (Huffine & Bonilla, 1962; Malamataris & Rees, 1993),
compactability (Wong & Pilpel; 1990; Joiris et al, 1998; Sun & Grant, 2001b) and compressibility
(Huffine & Bonilla, 1962; Wong & Pilpel; 1990), as well as the material behavior and compaction
mechanism of the powder being pressed (Malamataris & Rees, 1993; Nyström et al, 1993).
Materials have a critical particle size (Hardman & Lilley, 1970; Kendall, 1978; Mckenna & Mccaf-
ferty, 1982; Badrick & Puttick, 1986; Roberts & Rowe, 1986, 1987a; Roberts et al, 1989) below
which they exhibit plastic flow and above which they fracture. Because most powders are avail-
able in a limited range of sizes, they tend to be either above or below the critical particle size,
which will control their material behavior during compaction.
2.4.2. EXTRINSIC FACTORS: TABLETTING CONDITIONS
2.4.2.1. Compaction Load
The action of the compaction force is primarily to bring adjacent particulate surfaces together
and subsequently to promote the formation of interparticulate bonds (Train & Lewis, 1962). An
increasing compaction load enhances stress transmission through the powder bed (Briscoe &
Rough, 1998a), as well as tablet density and homogeneity (Train, 1956 & 1957; Briscoe &
Rough, 1998a) by overcoming die wall friction. This leads to higher compact cohesion (Train,
1956 & 1957; Shotton & Lewis, 1964; Riippi et al, 1998), mechanical strength (Shotton & Lewis,
1964; Larhrib et al, 1997; Riippi et al, 1998) and disintegration time (Riippi et al, 1998). However,
an increase in elastic relaxation upon unloading and ejection is also observed (Joiris et al, 1998),
which causes the rupture of interparticulate bonds and consequently a decrease in mechanical
strength, beyond a certain threshold of the compaction stress (Özkan & Briscoe, 1997; Joiris et
al, 1998; Ruegger & Çelik, 2000a). Finally, due to its radial transmission to the die wall, the com-
paction load influences the residual die wall forces present in the compact after unloading, which
affect the amplitude of the ejection profile (Delacourte et al, 1995).
2.4.2.2. Compaction Velocity
The importance of time-dependent phenomena in pharmaceutical tabletting is common knowl-
edge (Armstrong, 1989; Jain, 1999). It has been shown that primarily brittle materials display low
strain rate sensitivity, whereas ductile ones may exhibit viscoelastic behavior or time-dependent
plastic flow (Roberts & Rowe, 1985; Holman & Leuenberger, 1989; Jain, 1999; Garr & Rubin-
stein, 1991a). The observed effects of increasing compaction velocities are a decrease in pow-Page 34
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as well as in tablet mechanical strength (Holman & Leuenberger, 1989; Larhrib et al, 1997; Rue-
gger & Çelik, 2000a) and an increase in the yield stress of the material determined from Heckel
plots (Roberts & Rowe, 1985; Garr & Rubinstein, 1991a; Larhrib et al, 1997), in the tablet elastic
relaxation upon unloading and ejection (Garr & Rubinstein, 1991b; Marshall et al, 1993; Ruegger
& Çelik, 2000a) and in the compact capping tendency (Hiestand et al, 1977; Garr & Rubinstein,
1991b; Marshall et al, 1993; Ruegger & Çelik, 2000a). This is attributed to a reduction in the time
available for plastic flow and thus weaker or lesser interparticulate bonding (Hiestand et al, 1977;
Roberts & Rowe, 1985; Holman & Leuenberger, 1989; Garr & Rubinstein, 1991a & b; Marshall et
al, 1993; Tye et al, 2005), a change in consolidation mechanism from plastic deformation to brit-
tle fragmentation due to stress concentration at interparticulate contact points in the case of the
powder yield stress enhancement (Roberts & Rowe, 1985; Garr & Rubinstein, 1991a & b) and an
increase in the proportion of the energy of compression utilized in elastic deformation which
causes the stretching and possibly breaking of bonds by elastic recovery of the compact upon
decompression and ejection (Garr & Rubinstein, 1991b; Marshall et al, 1993). Nonetheless, it
has been shown (Ruegger & Çelik, 2000a) that it is possible to separate the compaction and
decompression steps and to specify optimal velocities for each one, which would minimise the
adverse effects listed above without compromising tablet productivity.
2.4.2.3. Lubrication & Lubricant Sensitivity
The main function of a lubricant is to ensure that tablet formation and ejection can occur with
low friction between particles and at the die wall (Alderborn, 2004). Tablet lubricants can also
stop the material sticking to the tooling (antiadherent) and improve powder flow (glidant) (Moody
et al, 1981). This helps compact consolidation by improving powder bed densification, volume
reduction, stress transmission and distribution and by channeling the compaction energy into
interparticulate bonding, thus resulting in denser, more homogeneous tablets (Train, 1956; Train
& Lewis, 1962; Vromans et al, 1988; Klemm & Sobek, 1989; Hwang & Parrott, 1993b; Delacourte
et al, 1995; Briscoe & Rough, 1998a; Turenne et al, 1999; Ebba et al, 2001; Balasubramanian et
al, 2002; Rahmouni et al, 2002; di Martino et al, 2004; Uppalapati & Green, 2005) and a
smoother ejection (Train, 1956; Turenne et al, 1999; Uppalapati & Green, 2005). Also, common
tabletting problems are prevented, such as inadequate tablet quality due to capping or even frag-
mentation during unloading and ejection, vertical scratches on compact edges and even produc-
tion halts due to die fouling or blockage (Alderborn, 2004).
The most common materials used as lubricants in the pharmaceutical industry are metal soaps
such as magnesium stearate (Miller & York, 1988; Alderborn, 2004), as they act via boundary
lubrication which is more effective, requires smaller quantities and is more easily applied to pow-
ders (Moody et al, 1981). Other types of lubricants exist, used according to the desired applica-
tion of the final tablet, such as fatty acids, their salts and esters, hydrocarbons and fatty alcohols
(Miller & York, 1988).Page 35
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ductile powders, the latter form a film on the particle surfaces which prevents interparticulate con-
tacts and bonding, thus causing a decrease in tablet cohesion and mechanical strength. Brittle
materials are less affected as their fragmentation during compaction constantly creates new
clean, lubricant-free bonding areas. This deleterious effect is enhanced with increasing lubricant
concentration, mixing shear and time (Shotton & Lewis, 1964; de Boer et al, 1978; Jarosz & Par-
rott, 1984; Vromans et al, 1988; Klemm & Sobek, 1989; Hwang & Parrott, 1993b; Nyström et al,
1993; Sheskey et al, 1995; Bolhuis & Hölzer, 1996; Velasco et al, 1997; Chang et al, 1999; Zuur-
man et al, 1999; Ebba et al, 2001; Rahmouni et al, 2002; di Martino et al, 2004; Alderborn, 2004;
Hjortsberg et al, 2005). It has also been observed that excess lubricant fractions may retard com-
pact densification by extrusion from particle surfaces into interparticulate pores, thus preventing
their filling by powder material (Yarnton & Davies, 1963; Hjortsberg et al, 2005). Another effect,
but of minor importance in this study is the fact that hydrophobic lubricants retard tablet disinte-
gration and drug release by creating a barrier between the water and tablet surface (Miller &
York, 1988; Alderborn, 2004).
Proposed solutions to lubricant sensitivity are the application of the lubricant to the containing
surface and tooling only and the avoidance of mixing with the powder (Train & Lewis, 1962; Yarn-
ton & Davies, 1963; Miller & York, 1988, Turenne et al, 1999) or the addition of a glidant, which
removes part of the lubricant film from the particle surfaces (Bolhuis & Hölzer, 1996; Chang et al,
1999). However, these techniques may be impractical in an industrial environment or add other
complications to the tabletting process. The further possibility, which will be discussed later, is the
use of self-lubricating excipients which would allow the exclusion of an actual lubricant from
pharmaceutical formulations.
2.4.2.4. Equipment Used: Presses and Tooling
For optimal running and output of the tabletting process, tooling and equipment should fulfill a
number of requirements, which would otherwise cause damage to the final tablets or even to the
equipment itself: punches and dies should be highly polished in order to avoid adhesion of pow-
der or tablets to be ejected. Scratched or dirty die walls may result in undesirable effects such as
the formation of pitted tablets, die fouling which consists in an accumulation of adhered material
at the die wall causing a change in tablet shape by obstruction (Benbow, 1983), or the extrusion
of powder in the clearance between the punches and the die bore, preventing the ejection of the
final compact (Shotton & Ridgway, 1974).
Punch and die sets should be appropriately aligned and the clearance should be kept narrow
enough to keep the powder bed confined during compaction and wide enough to prevent punch
seizure. These measures should avoid the formation of inappropriately shaped or damaged tab-
lets due to a tilt in punch surfaces, the extrusion of powder between the punch shaft and die wall
and the entrapment air in the tablet, unable to escape through an inexistent punch-die wall clear-
ance (Shotton & Ridgway, 1974; APhA, 1995b). Punch vertical positions should be carefully set
and programmed in order to avoid variations in tablet weight and degree of compression as wellPage 36
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ton & Ridgway, 1974; APhA, 1995b). Tabletting machine speeds should be controlled in order to
prevent improper die filling due to lack of time and excessive vibration and thus variations in
compact weight and degree of compression. Also, rapid compaction often causes outer layers of
the tablet to be heavily compressed, so-called case-hardening (Shotton & Ridgway, 1974; APhA,
1995b).
Punch size, shape and curvature modify volume friction patterns, radial and vertical powder
movements and thus stress distributions (Eiliazadeh et al, 2003 & 2004) occurring during the
process of powder compaction and the volume reduction behavior of the powder bed (Kiekens et
al, 2004). This affects the final tablet’s density distribution, its capacity to resist the adverse
effects of elastic recovery upon decompression and consequently its tendency to laminate (Sinka
et al, 2003; Eiliazadeh et al, 2003 & 2004). Also, the compact mechanical strength is influenced
and it has been shown that there is an optimal punch radius to curvature ratio yielding tablets of
maximal toughness (Newton et al, 2000).
2.4.2.5. Temperature
The material behavior of brittle mineral compounds is not modified by a temperature increase,
because of their high melting points and of the low mobility of their atoms or ions (Rouèche et al,
2006). On the other hand, most pharmaceutical and chemical products, in particular organic
ones, are sensitive to temperature and, with quite low melting points, generally exhibit a signifi-
cant increase in their plasticity/ductility and viscosity with a slight increase in temperature
(Rouèche et al, 2006). This helps the consolidation of the compact by increasing the interparticu-
late contact area and improves the final tablet cohesion and mechanical strength (Rouèche et al,
2006). However, during the compaction process itself, extensive stress transmission in the radial
direction and the concomitant formation of stronger powder-die wall plastic junctions generate
high die wall friction (Michrafy et al, 2006), which may contribute to the inhomogeneity of the
compact. It has also been observed that a material has an optimal compaction temperature
(Rouèche et al, 2006), beyond which it exists in a viscous state, which might cause sticking
inside the die or lead to hard cooling of the ejected tablet, which is a source of cracking. Evi-
dently, the thermal stability of the APIs should always be taken into account, as high tempera-
tures may cause their decomposition, restructuration or reaction with other components of the
formulation.
2.4.2.6. Humidity
Humidity takes effect on pharmaceutical powders through the adsorption of water molecules or
the condensation of liquid water on particle surfaces. The extent of these phenomena depends
on the degree of hydrophilicity, particle size and porosity of the material, on the ambient humidity
level and on the exposure time. Water may exist under three main forms at particle surfaces as
the water content of the powder increases: Firstly, water molecules may be chemisorbed to the
molecules making up the material and introduced into the structure, without any influence on thePage 37
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adsorbed on the solid surfaces as a monolayer (Coelho & Harnby, 1978a), which acts as a lubri-
cant between particles during rearrangement (Coelho & Harnby, 1978b; Ragnarsson & Sjögren,
1985; Armstrong & Patel, 1986; Malamataris et al, 1991; Garr & Rubinstein, 1992; Nokhodchi et
al, 1995; Rahmouni et al, 2002), which facilitates interparticulate hydrogen bonding (Coelho &
Harnby, 1978b; Malamataris et al, 1991; Nokhodchi et al, 1995; Podczeck, 1998) and increases
the van der Waals forces by smoothing out surface micro-irregularities and reducing interparticle
separation (Ahlneck & Alderborn, 1989a; Malamataris et al, 1991; Nokhodchi et al, 1995). With
further moisture deposition a water adsorption multi-layer is formed, which may act as a plasti-
cizer promoting particle deformation (Ragnarsson & Sjögren, 1985; Khan et al, 1988; Garr &
Rubinstein, 1992; Amidon & Houghton, 1995; Nokhodchi et al, 1995; Maarschalk et al, 1997;
Steendam et al, 2001; Rahmouni et al, 2002; Sun, 2008) or which, in the case of water-soluble
materials, constitutes an ideal medium for surface restructurations and the establishment of solid
bridges between particles by re-crystallization (Down & McMullen, 1985; Armstrong & Patel,
1986; Ahlneck & Alderborn, 1989a & b). Unfortunately, in certain cases, the effects are negative
and cohesion is lost through the disruption of interparticulate molecular interactions, deliques-
cence of the excipient at interparticulate contacts (Armstrong & Patel, 1986; Ahlneck & Alder-
born, 1989b; Garr & Rubinstein, 1992; Amidon & Houghton, 1995; Nokhodchi et al, 1995) or the
transition of the material from a glassy to a rubbery state which promotes elastic recovery and
the weakening of interparticulate bonds (Amidon & Houghton, 1995; Maarschalk et al, 1997).
Beyond a critical humidity level, liquid water condenses in the pores and void space between
particles, forming interparticulate liquid bridges by the virtue of capillary forces (Coelho & Harnby,
1978a & b; Khan et al, 1988; Podczeck, 1998). Eventually, upon saturation, the water film around
the particles will disrupt all types of molecular and electrostatic attractions and push the particles
apart due to hydrodynamic resistance (Coelho & Harnby, 1978a; Podczeck, 1998; Coelho &
Harnby, 1978b; Armstrong & Patel, 1986; Malamataris et al, 1991; Nokhodchi et al, 1995). Simi-
larly to the case of temperature, the sensitivity of drug substances to water should always be
considered in order to avoid their denaturation during processing.
2.5.  CHARACTERIZATION OF THE COMPACTION PROCESS
2.5.1. THE COMPACTION CURVE
A compaction curve, or force-displacement plot, as illustrated in Figure 2.6. corresponds to the
raw data obtained from in-line measurements by appropriately positioned transducers during the
tabletting process. It does not discriminate between compaction mechanisms, but its shape gives
a reasonable idea of the volume reduction propensity and elasticity of the powder considered, or
may be used for quality control (Ragnarsson, 1996). The raw data contained in the compaction
curve is generally manipulated to yield more refined information on the compaction process, e.g.




Compaction curves allow the establishment of a partial energy balance for the compaction pro-
cess: Area ABD represents the "apparent net work of compaction", known here as the Work of
Plastic Deformation (WP), which is the sum of the work of tablet formation or "net work of com-
paction", accounting for the phenomena of powder rearrangement, fragmentation, plastic defor-
mation, interparticulate bonding, and the work necessary to overcome friction between particles
and at the die wall. Area DBC corresponds to the Elastic Deformation Energy or Work (WE),
taken in by the powder bed upon loading and released during decompression (De Blaey & Pol-
derman, 1970 & 1971; De Blaey et al, 1971; Doelker, 1978; Ragnarsson & Sjögren, 1985; Rag-
narsson, 1996; Jain, 1999; Alderborn, 2004) by axial expansion.The sum of the works of elastic
and plastic deformations (WE+WP) equates to the Global Work of Compaction (WC). The quanti-
fication of the energy released as heat would require calorimetric measurements (Coffinbeach &
Hollenbeck, 1983; DeCrosta et al, 2000 & 2001).
Many methods have been proposed for more accurate and complete determinations of each
component of the energy balance described above. Firstly, the work of friction was considered to
be a source of error for the "net work of compaction" (De Blaey & Polderman, 1970 & 1971; De
Blaey et al, 1971; Krycer et al, 1982a & b; Jain, 1999) and attempts were made to evaluate and
eliminate it by using the stress transmitted to the lower punch (Krycer et al, 1982a & b) or by
varying lubrication conditions (Ragnarsson & Sjögren, 1983b) or by using the mean (between
upper and lower) punch force values in the compaction curve (Ragnarsson & Sjögren, 1983a &
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incomplete, due to die wall friction and this is reflected in the associated work. Corrective mea-
sures suggested were the quantification of the complete elastic relaxation by double compres-
sion experiments (De Blaey & Polderman, 1970 & 1971; De Blaey et al, 1971; Krycer et al, 1982a
& b; Jain, 1999) or by suppressing die wall friction through the use of well lubricated dies (Rag-
narsson & Sjögren, 1984).
In this study, pharmaceutical excipients were characterized in conditions as close as possible
to the industrial ones: die wall friction and incomplete axial elastic relaxation during decompres-
sion were considered to be inherent to the tabletting process. The Global Work of Compaction
(WC), plastic deformation work (WP) and the energy of axial elastic relaxation (WE) inside the die
were used for comparative purposes, rather than absolute determinations.
From a technical point of view, for the sake of accuracy and data quality, equipment deforma-
tion and electrical noise must be eliminated from recordings. These are the two main sources of
error affecting force and displacement measurements with currently available tabletting appara-
tus and instrumentation (Ragnarsson, 1996). As high compaction forces are used and no mate-
rial is completely rigid, punches, transducers and any structural pieces involved in the
compaction process will undergo slight deflections, unrelated to those of the powder bed. The
former are determined via a blank compaction run, i.e. with an empty die, and the resulting force-
displacement profile is subtracted from the experimental data (Coffinbeach & Hollenbeck, 1983;
Mort et al, 1994; Ragnarsson, 1996). With adequate wiring, proper grounding, guarding and
shielding, electrical noise generated by the interferences between transducers used and other
equipment should be eliminated (Ragnarsson, 1996; Omega, 1998).
2.5.2. STRESS‐DENSITY CURVES AND COMPACTION EQUATIONS:  INDICA‐
TIONS OF COMPACTION MECHANISMS
It is a tradition in the field of powder compaction to represent data in the form of stress-density
curves, which are believed to give a clearer mechanistic view of the compaction process. Fur-
thermore, many attempts have been made at developing compaction equations (Train & Hersey,
1960; Heckel, 1961 a & b; Cooper & Eaton, 1962; Kawakita & Tsutsumi, 1966; Leuenberger,
1982; Leuenberger & Jetzer, 1984; Isherwood, 1986; Leuenberger & Rohera, 1986 a & b; Chen
& Malghan, 1994; Schwartz et al, 1994; Lordi et al., 1997; Kuentz & Leuenberger, 1999; Sonner-
gaard, 2001; Denny, 2002; Zhao et al, 2006; Sonnergaard, 2006), which relate some measure of
the state of consolidation of a powder, such as porosity, volume (or relative volume), density, void
ratio or mechanical strength, with a function of the compacting load (Denny, 2002). The aim of
this approach is to allow easy predictions of die pressing outcomes. Due to the physical com-
plexity of the compaction process, it is very difficult to put together a simple predictive model with
a few physically significant parameters, which can describe the rheology of powder compaction
(Chen and Malghan, 1994) and a general theoretical concept has to be based on extensive sim-























Ch2: Pharmaceutical Tabletting by Powder Compaction: Review of Current Literatureempirical fits of specific limited data (Sonnergaard, 2000) and cannot claim any general validity.
Different areas tend to use different equations, due to their applicability to certain types of pow-
ders and over specific loading ranges. The most popular relations in the pharmaceutical area are
the Heckel and Kawakita equations (Sheikh-Salem & Fell, 1981; Krycer et al., 1982a; Roberts &
Rowe, 1985, 1986; Leuenberger & Rohera, 1986a; Podczeck & Revesz, 1993; Kuentz & Leuen-
berger, 1999; Sonnergaard, 1999; Denny, 2002).
In these equations, porosity, volume, density and void ratio are interchangeable physical quan-
tities, as they are connected by the following relationships (Equation 2.1 and Equation 2.2)
2.5.2.1. Kawakita Equation
The Kawakita equation was established in the 1960s (Kawakita & Tsutsumi, 1966), describing
the relationship between the volume reduction of a powder column and the applied stress. The
basis for this relationship is that particles subjected to a compressive load in a confined space
are viewed as a system in equilibrium at all stages, so that the product of a pressure term and a
volume term is constant (Nicklasson & Alderborn, 2000). The general relationship is given by
Equation 2.3. 
Parameter C, the degree of volume reduction, is equivalent to the engineering strain of the par-
ticle bed and thus related to powder bed height or volume at applied loads zero and P. The origi-
nal form can be linearized to yield Equation 2.4.
By plotting P/C versus P (Figure 2.7.) a straight line should be obtained, from which parame-
ters ’a’ and ’b’ may be evaluated. In most cases, Kawakita plots deviate negatively from linearity
in the early stages of the compaction process, thus preventing an accurate determination of con-
stants ’a’ and especially ’b’ (Sonnergaard, 2000), which is mainly deemed to the fluctuations in
the measurement of the initial powder bed volume (Kawakita & Lüdde, 1971; Sheikh-Salem &
Fell, 1981; Denny, 2002). This equation has mainly been found to best fit compaction data under
low-stress and high-porosity compaction conditions (Ramberger & Burger, 1985; Adams & McK-
eown, 1996; Sonnergaard, 2001; Sorensen et al., 2005) and to hold for soft, fluffy and medical
powders (Kawakita & Lüdde, 1971). However, very good fits have also been observed in the
case of ductile metal powders under quasi-static or dynamic compaction at high loads and low
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Ch2: Pharmaceutical Tabletting by Powder Compaction: Review of Current LiteratureKawakita defined constant ’a’ as the limiting value of the relative volume reduction by compres-
sion and stated that it should be equal to the initial porosity of the powder bed in the case of pis-
ton compression (Kawakita & Tsutsumi, 1966; Kawakita & Lüdde, 1971). In mathematical terms,
’a’ is equal to the degree of volume reduction at infinite load (or minimal volume), as shown in
Equation 2.5.
Nicklasson and other workers observed parameter ’a’ to coincide with the initial agglomerate
bed porosity and described it as the total degree of deformation of single agglomerates (Nicklas-
son et al., 1999; Nicklasson & Alderborn, 2000). More simply, Sonnergaard (2000) depicted con-
stant ’a’ as a measure of the general ability of the powder bed to reduce in volume.
Figure 2.7. Examples of a Kawakita Plots and Linear Fits
Kawakita deemed constant ’b’ to be related to the compressive resisting forces in the case of
piston compression and stated that it should be equal to the reciprocal of the load when the value
of C reaches one half of the limiting value (Kawakita & Tsutsumi, 1966; Kawakita & Lüdde, 1971;
Shivanand & Sprockel, 1992). This is however more of a mathematical trick and does not give ’b’
much physical meaning. Panelli and Ambrozio (2001) stated that constant ’b’ had no significance
because the Kawakita equation was not defined at zero load. Parameter ’b’ was also defined as
a constant inversely proportional to the yield strength of particles (Nicklasson and Alderborn,
2000; Odeku & Fell, 2006) or to the compression shear strength of agglomerates (Adams et al,
1994) or as a compression coefficient related to the plasticity of the powder bed (Sheikh-Salem &
Fell, 1981).
Despite the belief that constants ’a’ and ’b’ are related to the physical properties of the powder
mass, there is still lack of a sound theoretical justification between them. Kawakita & Lüdde
(1971) proposed two physical validations of this equation in the form of a superficial resemblance
to the van der Waals equation of state for gases and of an analysis of the compression process
using Mohr's stress circle. However, the former cannot be taken seriously and the latter reason-
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Ch2: Pharmaceutical Tabletting by Powder Compaction: Review of Current Literature(Denny, 2002). Adams and other workers, through their attempts to develop new models for the
analysis of the compaction of granules partially validated the Kawakita equation, but this was an
isolated result (Adams et al, 1994; Adams & McKeown, 1996). 
2.5.2.2. Heckel Equation
In the wake of Shapiro in 1944 and Konopicky in 1948 (Denny, 2002), Heckel (1961a) consid-
ered the compaction of powders to be analogous to a first-order chemical reaction, the pores
being the reactant and the densification of the bulk being the product. The kinetics of the process
may be described by a relationship of proportionality between the reduction in relative density
with applied load and the pore fraction (Equation 2.6)
The relative density corresponds to the powder bed geometrical density nomalized by the pow-
der’s true density. The former describes the solid fraction of a porous powder column and allows
the elimination of the effect of the powder bed porosity in the observation of its densification dur-
ing the compaction process.
The equality obtained was integrated over the stress and porosity ranges considered and the
resulting expression linearized. Heckel eventually adjusted the final parameters with experimen-
tal data to yield Equation 2.7. A plot of ln[1/(1-D)] against applied load (Figure 2.8.) should yield a
straight line, allowing the determination of constants A and K.
Due to its origins, the Heckel equation is mostly used for the powders which tend to deform
plastically (Heckel, 1961b), as do pharmaceutical polymers and is considered to be valid at high
compaction loads (Heckel, 1961a, 1961b; Kuentz & Leuenberger, 1999).
Figure 2.8. Examples of Heckel Plots and Linear Fits
Heckel (1961a) explained the nonlinearity of his equation in the early stages of compaction by
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Ch2: Pharmaceutical Tabletting by Powder Compaction: Review of Current Literatureindividual particle movement in the absence of interparticulate bonding. This was supported by
later studies which, in addition, related this phenomenon to the breakdown of aggregates of the
primary particles or to the brittle fracture of the primary particles themselves, due to the presence
of stress localization (Alderborn et al., 1985; Carstensen & Hou, 1985; Duberg & Nyström, 1986;
Paronen and Ilkka, 1996).
Intercept A was considered to represent the degree of packing achieved by die filling and parti-
cle rearrangement at low loads before any substantial interparticulate bonding (Heckel, 1961b).
Leuenberger and Jetzer (1984) showed that parameter A was equal to the powder compression
susceptibility or compressibility, i.e. the amount of volume reduction resulting from the application
of a defined load, without any mechanistic specification. Podczeck and Révész (1993), in line
with Heckel, found constant ’a’ to be a measure of the densification due to particles slipping over
each other in a rearrangement, which mainly depends on size and shape but also on the hard-
ness of the particles. However, these authors also emitted doubts on the reliability of this param-
eter due to its strong dependence on the compaction load.
Non-linearity of Heckel plots has also been observed at high compaction loads (Figure 2.8.b),
in the form of upwards curvature, and has been ascribed to the inadequacy of the this function to
describe volume changes of a powder column at low porosity and near to the apparent particle
density of a material (Roberts & Rowe, 1985).
 The linear region of Heckel plots is mainly deemed to account for volume reduction of the pow-
der mass by plastic flow of the particles after an appreciable amount of interparticulate bonding
has taken place (Heckel, 1961a; de Boer et al, 1978; Duberg & Nyström, 1986; Paronen, 1986;
Krumme et al, 2000). It has been observed that elastic deformation may also be involved there
(Hassanpour & Ghadiri, 2004; Cespi et al, 2007).
Heckel postulated that the slope K was a material constant giving a measure of the ability of
the compact to deform plastically and established an empirical relationship between K and the
yield strength of the powder compacted (Equation 2.8).
Studies carried out on the Heckel equation yielded mixed results: Several authors made use of
the Heckel model successfully (Hersey & Rees, 1971; York & Pilpel, 1973; York, 1979; de Boer et
al, 1978; Carstensen & Hou, 1985; Roberts & Rowe, 1985, 1986, 1987b; Paronen, 1986; Mala-
mataris & Rees, 1993; Monedero Perales et al, 1994; Garekani et al, 2001; Odeku & Fell, 2006;
Cespi et al, 2007). In several cases, constant K was connected to a material deformation con-
stant, i.e. the yield strength (Podczeck & Révész, 1993), Young’s modulus (Paronen, 1986; Rob-
erts & Rowe, 1987b; Sonnergaard, 1999) and hardness (Kuentz & Leuenberger, 1999;
Alderborn, 2003) of the particles or a combination thereof (Hassanpour & Ghadiri, 2004). It was
also shown that constant K was not a material constant, as, similarly to the Heckel plot itself, it
varied with intrinsic or extrinsic process variables (York, 1979; Maarshalk et al, 1996; Kiekens et





Ch2: Pharmaceutical Tabletting by Powder Compaction: Review of Current LiteratureRowe, 1985 & 1986), the powder density (Sonnergaard, 2000), the size and shape of the parti-
cles (Paramanand & Ramakrishnan, 1984; Roberts & Rowe, 1986) and with the punch face cur-
vature (Kiekens et al, 2004).
Due to the nature of Heckel plots, recommendations have been made for the most reliable
determination of parameters A and K: detailed studies concluded that with the logarithmic trans-
formation involved in the Heckel model enhancing the effect of experimental errors on the final
parameter values, it might be more accurate to use the exponential form of the equation and
carry out a non-linear regression (Paronen and Ilkka, 1996; Sonnergaard, 1999). However, it is
generally simpler, after careful experiment, to select the linear region of the plot by using the sec-
ond derivative of the function before carrying out a relevant least squares regression as advised
originally (Paronen, 1986). Error analyses showed that Heckel parameters are generally more
sensitive to experimental errors in the powder true density and initial powder bed height than on
the load and displacement values recorded during compaction (Gabaude et al, 1999; Krumme et
al, 2000).
Many attempts have been made at rationalizing and interpreting Heckel PIots: early works cat-
egorized materials via the relative convergence or lack thereof in sets of Heckel Plots obtained
from the compaction of different size fractions (Hersey & Rees, 1971; York & Pilpel, 1973). Rue &
Rees (1978) suggested that the amount of plastic flow during compaction be determined by mea-
suring the areas under Heckel Plots instead of using Heckel's parameter K.
However the most popular application remains the discrimination between different volume
reduction mechanisms, such as rearrangement, brittle fragmentation and ductile deformation, by
a simple change of shape in the plot, as Heckel (1961 a & b) himself had described it (de Boer et
al, 1978; Duberg & Nyström, 1986; Paronen, 1986; Paronen & Ilkka, 1996; Kuentz & Leuen-
berger, 1999; Krumme et al, 2000; Garekani et al, 2001). In addition, Duberg and Nyström (1986)
proposed to evaluate the extent of elastic deformation by building Heckel plots for both compac-
tion and decompression phases.
2.5.2.2.1. Tablet Density: Pycnometric or Geometrical?
The Heckel expression uses the powder bed density to quantify the state of volume reduction
and consolidation as the compaction process progresses. This quantity may be determined by
two methods which give rise to the definition of two types of compact density:
• The in-die or geometrical density corresponds to the mass of the powder bed divided by its
volume inside the die during compaction. The latter is obtained from the punch separation
recorded and the cross-section of the die bore, in dynamic conditions and thus is influenced by
the elastic deformation of the tablet.
• The out-of-die or pycnometric density corresponds to tablet mass divided by its volume after
ejection from the die and elastic relaxation. This density is lower than the previous since the
tablet has been allowed to expand in three dimensions. In this case, the tablet volume is
measured by gas pycnometry (c.f. Chapter 4 Section 4.2.3.).Page 45
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debated: A few authors believed that elastic deformation contributed an error to the true compact
density and recommended the use of the out-of-die density (Krycer et al, 1982 a & b; Sun &
Grant, 2001a) or proposed a correction factor for the in-die density values (Ramberger & Burger,
1985). Many, considered both techniques to be valid and even complementary, but recom-
mended that experimental conditions be clearly stated in order to obtain the most accurate inter-
pretation of Heckel plots (York, 1979; Sheikh-Salem & Fell, 1981; Geoffroy & Carstensen, 1991;
Gabaude et al,1999; Kuentz & Leuenberger, 1999). From a practical point of view, Heckel him-
self (1961a) considered that using out-of-die compact densities made the process of plotting a
density-load curve tedious, which has made the use of in-die density a popular method. Also, he
argued that in-die powder bed densities would be more appropriate since they would be more
relevant to the dynamic compaction process.
2.5.2.3. Which Equation?
Several authors have compared the Heckel and Kawakita relations in order to determine the
most appropriate one (Sheikh-Salem & Fell, 1981; Shivanand & Sprockel, 1992; Denny, 2002).
The main conclusion was that the Heckel equation was more suitable for comparison purposes
(Sheikh-Salem & Fell, 1981; Krycer et al, 1982 a & b; Shivanand & Sprockel, 1992) under con-
trolled experimental conditions.
It was also found that the two equations somehow complemented each other. Ramberger and
Burger (1985) postulated that the Kawakita and Heckel correlations could be used sequentially to
describe the compaction process, the former covering the low end and the latter covering the
high end of a wide range of compaction loads, with a changeover occurring at a given transition
load. Denny (2002) showed mathematically that at low stresses and strains both equations are
identical in their form and concluded that the Kawakita equation is a special case of a more gen-
eral form of the Heckel Equation.
Many workers unsuccessfully attempted to find a correlation between Heckel’s K parameter
and Kawakita’s constant ’b’, which were both deemed to be related to the powder yield strength.
Explanations found were that the two parameters involved different volume reduction mecha-
nisms (Shivanand & Sprockel, 1992) or that they were separated by the subtlety of slightly differ-
ent physical meanings (Alebiowu et al, 1998; Dare et al, 2006).
In this study, both equations are used, in order to evaluate their relative merits.
2.5.3.  ELASTIC  DEFORMATION:  RELAXATION  OF  THE  COMPACT  UPON
UNLOADING AND EJECTION
Much focus has been put so far on plastic deformation, which is the main mechanism of con-
solidation for ductile excipients. However, the mechanical strength and cohesion of the final tab-
let cannot be estimated unless the effect of elastic deformation and more importantly elastic

















Ch2: Pharmaceutical Tabletting by Powder Compaction: Review of Current LiteratureAs described previously, the elastic energy stored by the powder bed during compaction is
released upon and after removal of the load through volumetric expansion of the final tablet. The
total elastic recovery of the compact may be determined in the axial and radial directions from its
dimensions at maximum load and after ejection, as illustrated in Figure 2.9.
Figure 2.9. Schematic Representation of Compact Dimensional Variations during Elas‐
tic Recovery and Experimental Determination of Its Components
The percentage Axial Elastic Relaxation (AER) is defined in Equation 2.9
The percentage Diametral Elastic Relaxation (DER) is given by Equation 2.10
The dimensional variations of the compact do not permit a quantitative evaluation of the elastic
deformation energy involved, however they provide a semi-quantitative explanation of capping
mechanisms or compact strength and allow a comparison between different powders.
2.6. CHARACTERIZATION OF THE FINAL COMPACT
2.6.1. TABLET MECHANICAL STRENGTH
Pharmaceutical tablet strength is a compromise between the capacity to withstand manipula-
tion and processing after production and the ability, during administration, to safely disintegrate in
the mouth and gastrointestinal tract quickly enough to deliver its API(s) in the desired time
(Ambros et al, 1998). In general, an acceptable compact must remain intact from the outlet of the
die to the patient’s mouth. A number of mechanical testing methods exist, derived from materials
science, each allowing the evaluation of a different aspect of tablet damage during handling, i.e.
attrition, fracture or localized deformation (Alderborn, 2004).
Friability or wear tests quantify the extent of tablet chipping, abrasion, breakage and even cap-
ping due to mechanical shocks and friction during transport, causing undesired compact weight





















Ch2: Pharmaceutical Tabletting by Powder Compaction: Review of Current Literatureloss (Lindberg & Holmquist, 1987; Hwang & Parrott, 1993 a, b & c; Schultz & Kleinebudde, 1994;
Riippi et al, 1998; Joneja et al, 1999; Amin & Fell, 2002; Du & Hoag, 2003; DeltaLab, 2004;
Odeku & Fell, 2006; Varian, 2007; British Pharmacopoeia, 2008a).
Flexural (Endicott et al, 1961; David & Augsburger, 1974; Stanley & Newton, 1980; Mashadi &
Newton, 1987; York et al, 1990; Roberts et al, 1993 & 1995; Davies & Newton, 1996; Ambros et
al, 1998; Amin & Fell, 2002; Davies et al, 2007) and tension (Nyström et al, 1977; Jarosz & Par-
rott, 1982; Karehill et al, 1990; Olsson et al, 1998; Mattsson & Nyström, 2000; Inman et al, 2008)
tests, sometimes requiring the preparation of specimens of specific geometries or the fabrication
of special apparatus, or tablet diametral compression (Mitchell, 1961; Rudnick et al, 1963; Fell &
Newton, 1970; Newton et al, 1971; Awaji & Sato, 1979; Jarosz & Parrott, 1982; Pitt et al, 1989;
Darvell, 1990; Amidon & Houghton, 1995; Davies & Newton, 1996; Ambros et al, 1998; Joneja et
al, 1999; Jain, 1999; Olsson & Nyström, 2001; Amin & Fell, 2002; Wu et al, 2005; Mohammed et
al, 2005; Kachrimanis & Malamataris, 2005; Davies et al, 2007) tests, yield the tensile strength of
particulate solids. Under controlled loading conditions and stress distributions, one obtains a
measure of the maximum load required to cause failure in tension of cylindrical tablets or ade-
quate samples (Stanley, 2001), and thus a standardized estimation of a material’s cohesion.
Similar to the previous, but conveniently alleviated of any geometrical or stress distribution
requirements, the crushing strength of a tablet is the maximum force necessary for it to fracture
under diametral compression, regardless of its mode of failure (Riippi et al, 1998; British Pharma-
copoeia, 2008b).
Hardness corresponds to the resistance of a sample to local permanent deformation, obtained
mainly by indentation (Ridgway et al, 1970; Duncan-Hewitt & Weatherly, 1989 a & b; Monedero
Perales et al, 1994; Amidon & Houghton, 1995; Rowe & Roberts, 1996; Davies & Newton, 1996;
Benham et al, 1996b; Jain, 1999; Liao & Wiedmann, 2004; Mullarney & Hancock, 2006).
In practice, due to the particulate nature and inhomogeneity of compacts (Train, 1956; Jarosz &
Parrott, 1982; Mullarney & Hancock, 2006), there is no universal method for the determination of
tablet strength - the user must make a choice according to the aspects of powder compaction to
be investigated. In industry, the preferred test is that of tablet (diametral) crushing strength (Lind-
berg et al, 1985; Du & Hoag, 2003; PharmaTest, 2005; Dr Schleuniger Pharmatron, 2007a; Engi-
neering Systems Nottm, 2008), as it is reasonably simple, repeatable and easily automated. Due
to historical reasons, this is wrongly referred to as "tablet hardness testing" and results
expressed in an array of confusing or obsolete units (Endicott et al, 1961; Davies & Newton,
1996; Donoso et al, 2003; Siddiqui & Nazzal, 2007; Dr Schleuniger Pharmatron, 2007a; Cooper
& Carter, 2008). Tablet "hardness" data obtained in this way is usually an in-house tailored quan-
tity, mainly used for quality and specifications control (Krieger et al, 1995).
In this work, tablet strength measurements were a minor complement to the main study on the
viscoelastic behavior of powders during compaction. Consequently, due to time and equipment
constraints, and in order to remain as close as possible to the frame of industrial tabletting, it wasPage 48
Ch2: Pharmaceutical Tabletting by Powder Compaction: Review of Current Literaturechosen to carry out measurements on an automated, high throughput tablet tester (Autotest 4
Tablet Test System, Dr Schleuniger Pharmatron AG; c.f. Chapter 4 Section 4.2.2.1.).
2.6.2. FINAL COMPACT GEOMETRY AND SURFACE ROUGHNESS
Roughness is defined as the lack of evenness, smoothness or flatness of a surface or the
occurrence of prominences, irregularities or asperities upon it (Thomas, 1999a) and arises from
the presence of scratches, digs or pits, micro-irregularities, grooves and dust particles made or
left behind by surface finishing processes such as grinding, polishing and turning (Bennett &
Mattsson, 1989a). Surface texture is one of the most important parameters of engineering sur-
faces as it determines their optical, visual, adhesion, contact mechanical, frictional and other
properties related to the desired application (Bennett & Mattsson, 1989a; Riippi et al, 1998; Sil-
vennoinen et al, 1999; Thomas, 1999 e & f).
Surface topography and its quantitative assessment play an important role in many fields: 
Surface roughness lies at the core of tribology, which is the science of friction, wear and lubri-
cation. Contact between two solid bodies is achieved through their surface asperities. The latter
contribute to the adhesion between the two counterfaces, which results in friction and wear phe-
nomena during their relative movement (Greenwood & Williamson, 1966; Briggs & Briscoe,
1976; Briscoe, 1981 a & b, 1982; Bowden & Tabor, 1986a; Podczeck, 1998; Thomas, 1999e;
Mohammed, 2004; c.f. Chapter 3 Section 3.1.). The wear of machine element surfaces has been
investigated by profilometry techniques, in order to determine the causes, but also quantify the
phenomenon through the calculation of the wear volume (Cho et al, 2002).
The profilometric study of the fracture surfaces of substrates of interest, such as sintered car-
bides for example, has allowed the postulation of the fracture mechanisms, factors and side
effects (Cwajna & Roskosz, 2001). In the field of archaeology, the analysis of wear patterns on
stone tools and objects enabled researchers to assess their usage (Stemp & Stemp, 2001). In
the computer industry, the surface finish, i.e. the smoothness of substrates used in the manufac-
ture of memory disks governs their data storage capacity and readability (Poon & Bhushan, 1995
a & b). In paper technology research, the appropriate quantification of surface texture and struc-
ture may be important for assessing the effect of special treatments on the surface smoothness,
its structural response to printing and its optical properties (Chinga et al, 2007).
In the biomedical field, cellular responses to orthopedic and dental implants, implant wear, and
fixation has been shown to be influenced by their surface texture (Chauvy et al, 1998; Luo et al,
2001; Macdonald et al, 2004). A more recent application is the determination of skin topography
by laser profilometry, which allows the assessment of its health status and the detection of possi-
ble conditions or irritations from a change in roughness (Breuer & Voss, 2006).
In the field of powder compaction, the assessment of surface topography has found many
applications: the densification or decrease in porosity and die wall stress distributions of beds of
ceramic agglomerates during compaction as well as the resulting surface density distributions
have been related to the surface roughness of the final green compacts. Two-dimensionalPage 49
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ceramic compacts. This allowed the observation of shape deviations from an ideal cylinder dur-
ing sintering, caused by localized shrinkages or expansions due to the green compact inhomoge-
neous density distribution (Aydin et al, 1995; Özkan & Briscoe, 1996).
The main observation in pharmaceutical tabletting research was the decrease in compact sur-
face roughness with an increase in the compression load (Toyoshima et al, 1988; Salako et al,
1998; Riippi et al, 1998; Podczeck et al, 1999; Seitavuopio et al, 2003 & 2005; Bashaiwoldu et al,
2004a; Narayan & Hancock, 2005). It has also been reported that the roughness of excipient par-
ticles play an important part in tablet consolidation as they govern the interparticulate contact
area (Podczeck, 1998; Mohammed, 2004).
Several studies attempted to differentiate between the consolidation mechanisms or deform-
ability of excipients as well as the influence of their particle size and particle size distribution,
materials, formulations or the extent of lubrication used in pharmaceutical powder or granule
compaction from the surface roughness of the final tablets (Toyoshima et al, 1988; Salako et al,
1998; Podczeck et al, 1999; Narayan & Hancock, 2003 & 2005; Seitavuopio et al, 2003 & 2005;
Bashaiwoldu et al, 2004 a & b; Narayan et al, 2006). Tablet surface roughness has also been
correlated with properties such as crushing strength, friability, disintegration time, Young's modu-
lus, hardness and the brittle fracture index (Riippi et al, 1998; Narayan & Hancock, 2003;
Narayan et al, 2006).
More specific investigations involved the optimization of the formulation of self-emulsifying pel-
lets destined to compaction according to their surface roughness (Newton et al, 2001), monitor-
ing of the tablet film coating process and the evolution of the quality of the film during storage by
using surface roughness as an indicator of film homogeneity (Ruotsalainen et al, 2003; Seitavuo-
pio et al, 2006) and the profilometric analysis of the geometry of fractured bilayered tablet faces,
which allowed to postulate the mechanisms underlying the fracture phenomenon as well as the
global consolidation steps of the compact (Inman et al, 2008).
Several imaging or profilometry techniques exist for the study of surface topography. Surfaces
and their topography may be visualized on a microscopic scale by optical or scanning electron
microscopy (SEM). Unfortunately, pure imaging methods such as these only yield two-dimen-
sional images of the specimen texture and cannot provide any quantification of the surface
roughness (Bennett & Mattsson, 1989b; Cwajna & Roskosz, 2001; Luo et al, 2001; Seitavuopio
et al, 2003; Narayan & Hancock, 2003).
Profilometric methods, which are inherently quantitative, are thus preferred (Bennett & Matts-
son, 1989c; Podczeck, 1998; Cwajna & Roskosz, 2001; Seitavuopio et al, 2003; Narayan & Han-
cock, 2003).
One of the first and still popular quantitative texture measurement techniques is stylus profi-
lometry, which is based on recording the vertical position of a diamond or sapphire tracer needle
following the contours of the surface of interest: The stylus is driven across the surface along one
or several equally spaced lines, at a steady rate. The vertical movement of the stylus, as it out-Page 50
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surface. This is then processed in various ways after amplification to yield two- or three-dimen-
sional roughness profiles, as well as numerical roughness values (Bowden & Tabor, 1986g; Ben-
nett & Mattsson, 1989c; Whitehouse, 1994b; Poon & Bhushan, 1995a; Podczeck, 1998;
Thomas, 1999b; Silvennoinen et al, 1999; Bashaiwoldu et al, 2004a). This method is, however,
quite laborious, time-consuming, carries an inherent risk of alteration or even damage to the sur-
face during the determination, with poor data reproducibility along the same scan line and has a
spatial resolution limited to a few microns, due to the stylus size and shape (Radhakrishnan,
1970; Bennett & Mattsson, 1989c; Poon & Bhushan, 1995a; Riippi et al, 1998; Podczeck, 1998;
Thomas, 1999b; Silvennoinen et al, 1999; Bashaiwoldu et al, 2004a).
The spatial resolution problem encountered with stylus profiling is solved by atomic force
microscopy (AFM) which is based on similar measurement principles, but with a much smaller
stylus: in AFM, a sharp metal tip, 20 to 50 nm in radius, located at the end of a cantilever made of
extremely low stiffness material, is maintained within a very small distance (usually 0.2 nm) from
the surface studied, under very small loads (typically in the order of 1 nN). The separation
between the stylus and the sample is monitored by determining the force between them, from the
deflection and spring constant of the lever. As the tip is moved across the specimen surface, the
normal force is kept constant by adjusting the sample position through a control feedback sys-
tem. The movement of the sample represents the surface height variation. AFM images provide
three-dimensional views of the topography of a surface as well as numerical data which may be
used to calculate roughness parameters. AFM allows data acquisition at resolutions as high as
0.1 nm (Poon & Bhushan, 1995a; Podczeck, 1998; Luo et al, 2001; Seitavuopio et al, 2003;
Narayan & Hancock, 2003). Unlike stylus profiling, the technique is non-destructive, as it uses a
sharp probe to scan across the surface which causes little if any damage to the specimen (Luo et
al, 2001). However, due to its high spatial resolution, AFM can only be used on small areas, with
relatively smooth specimens and measurements proceed at low speed. Also, the AFM tip shape
may still result in a distorted representation of the actual surface micro-geometry (Poon &
Bhushan, 1995a; Luo et al, 2001; Seitavuopio et al, 2003).
Non-contact optical profilometry operates via the analysis of the angular distribution, interfer-
ence or scattering patterns of light or laser beams caused by reflection on the asperities of the
specimen surface. These devices fall into the category of optical followers which use the optical
beam as a stylus outlining the contours of the sample surface in translational movement during
single line or three-dimensional scans. Non-contact optical profilometry is an accurate, quantita-
tive, flexible method. Its spatial resolution, limited by the optical beam diameter and focal depth,
is located in the sub-micron to micron range and it is capable of covering sample areas of up to a
few centimeters in diameter. Sample preparation is minimal, and, as the name indicates, since
the solid surface is not touched, measurements are non-destructive. Due to the physical princi-
ples of the technique, specimen surfaces should display some degree of specular reflectivity,
usually higher than 2%, in order to obtain reliable data. The issue of materials displaying poor
reflection properties may be solved by the application of an appropriate reflective coating; how-Page 51
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has the problem that with sharp asperities or large holes, the beam is not reflected towards its
focal lens which causes a bias in the height value read (Whitehouse, 1994b; Poon & Bhushan,
1995a; Thomas, 1999c; Narayan & Hancock, 2003; Seitavuopio et al, 2003 & 2005). 
 Laser profilometry appears to be most appropriate method for quantifying the roughness of
pharmaceutical compacts for a number of reasons. Most pharmaceutical powders are white or
light in color, which ensures a good reflectivity of the tablet surfaces, drug and excipient particle
dimensions responsible for surface roughness fall within the device’s spatial resolution range and
the sample size associated with laser profilometry corresponds to the magnitude of common
pharmaceutical compact surfaces. This is illustrated by the success of many optical profilometric
studies of pharmaceutical tablet and pellet surface roughness (Toyoshima et al, 1988; Salako et
al, 1998; Riippi et al, 1998; Podczeck et al, 1999; Silvennoinen et al, 1999; Newton et al, 2001;
Ruotsalainen et al, 2003; Narayan & Hancock, 2003 & 2005; Seitavuopio et al, 2003, 2005 &
2006; Bashaiwoldu et al, 2004 a & b; Narayan et al, 2006; Inman et al, 2008).
In addition to the instrumentation limitations, a series of general practical considerations must
be borne in mind for the reliable assessment and analysis of the roughness of a solid surface: As
in the case of any experimental measurement, the sampling interval or rate should be optimized,
in order to resolve asperities properly, but without overloading the signal treatment system with
redundant information. As it is usually not possible to scan the entire surface of the object of
interest, due to the sample size limitations of most profilometers, an appropriate sample length
should be chosen. This corresponds to an area large enough to obtain a statistically good repre-
sentation of the surface topography, without the perturbation of inherent macroscopic surface
irregularities such as waviness or curvature. In a nutshell the sample length must be representa-
tive of the roughness of the entire specimen. In the case of comparisons between different sam-
ples, the experimental settings such as the scan velocity, sampling rate and length should be
standardized and kept constant or, if this is not possible due to shape differences between spec-
imens or other unresolvable issues, the scan conditions should be clearly stated for the interpre-
tation of the results (Whitehouse, 1994a; Poon & Bhushan, 1995a).
There are many ways to analyze roughness data, the simplest one being to plot two- or three-
dimensional profiles of the surfaces of interest. Also, many roughness parameters have been
introduced, in order to quantify the texture of specimens: The two most popular ones are the
rugosity or mean departure Ra and the variability or root mean square deviation Rq of all points of
the roughness profile from its mean reference line or center line. These two quantities are











































Both average roughness parameters are defined with respect to a straight and horizontal spec-
imen surface and thus reference line, considered as the origin of vertical displacement; this is
also known as the profile center line. In the case of tilted, wavy or curved sample surfaces, the
inherent surface shape will cause a bias in the asperity height readings and thus in the final val-
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Ch2: Pharmaceutical Tabletting by Powder Compaction: Review of Current Literatureshape must be subtracted from the roughness profile before any calculations are carried out, in
order to yield a normalized topography profile, possessing a straight and horizontal reference line
located at z=0, as depicted in Figure 2.10. The reference line or shape function for a raw topo-
graphic profile is obtained from a linear regression in the case of a straight but tilted specimen
surface (Figure 2.10.), or from an appropriate polynomial fit in the case of a curved one (White-
house, 1994a; Podczeck, 1998; Thomas, 1999d; Silvennoinen et al, 1999; Narayan & Hancock,
2003; Bashaiwoldu et al, 2004a).
In this work, similarly, to the tablet mechanical testing, compact surface roughness measure-
ments were a complement to the main study on the viscoelastic behavior of powders during com-
paction. The aim of the present study was to assess the effect of various compaction conditions,
i.e. the compaction load, velocity, the powder bed height, as well as the influence and possibly
the extent of the shearing phenomenon taking place during the ejection process on the final
roughness of the compact circumferential area and possibly flat faces.
2.7. CONCLUDING REMARKS
This Chapter constitutes a quick-start overview of pharmaceutical tabletting and begins with
the practical ins and outs of the tabletting process, and explains how the production and ejection
of a compact is conducted in the frame of industrial production as well as in the context of labora-
tory research. This is followed by a phenomenological description of the process of powder bed
densification leading to the formation of a tablet: The interparticulate bonding through surface
interactions, particle rearrangement, elastic deformation, brittle fracture and plastic flow phenom-
ena are covered. The latter leads to the details of the final tablet ejection process. The second
main part of the Chapter focusses on the practical factors affecting the quality of the final com-
pact, which range from the intrinsic powder properties to the tabletting equipment and conditions.
Following this, a first set of simple characterization techniques is described allowing to monitor
and the tabletting process and its outcome. These are the compaction energy balance obtained
from the compaction curve, the characterization of the powder bed densification mechanisms via
the Heckel and Kawakita parameters, the quantification of the axial and diametral elastic recov-
eries of the compact during the unloading and ejection processes and final, the measurement of
the final tablet mechanical strength and surface roughness.
In this chapter, the tabletting process has been considered in quasi-ideal physical conditions,
i.e. in the absence of friction, which is the source of most tabletting problems. The latter are con-











Friction is globally defined as the force which resists the motion of one solid surface relative to
another with which it is in contact (Oxford University Press, 2003b) and is the main object of scru-
tiny in the field of tribology. Tribology is traditionally described as the science and technology of
interacting surfaces in relative motion, and of associated subjects and practices. More simply,
derived from the Greek word tribos, meaning rubbing, tribology is alternatively known as the sci-
ence of friction, wear or lubrication (Briscoe, 1981a; Bhushan, 1999; Miyoshi, 1992). Since the
first systematic tribological studies which date back to the 15th century, this phenomenon has
been rationalized through the establishment of a set of fundamental macroscopic laws and its
microscopic mechanisms have been partially elucidated (Briscoe, 1982; Bowden & Tabor,
1986a): Contact between two solid bodies is achieved through their surface asperities and its
extent is affected by the material properties of the two solids and by the load normal to the solid-
solid interface (Greenwood & Williamson, 1966; Briggs & Briscoe, 1976; Briscoe, 1981 a & b,
1982). Many additive microscopic resistances to the relative movement of the solid surfaces may
appear in the form of adhesive junctions formed via molecular interactions, interlocking, elastic or
plastic deformation between contacting asperities, as well as indentation and ploughing of the
softer material by the asperities of the harder one. Globally, friction may be described as the
repeated formation and shearing of microscopic adhesive junctions between two sliding solid
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Ch3: Solid Interfacial Friction during the Tabletting Processsurfaces, which cause the dissipation of a part of the mechanical energy devoted to the move-
ment (Archard, 1957; Briscoe, 1981a & b, 1982; Briscoe et al, 1985; Briscoe & Tabor, 1989).
These principles may be applied to the case of pharmaceutical tabletting with adjustments rel-
evant to the stage of the process considered, i.e., compaction, decompression and ejection and
the type of friction involved (Tweed, 2000).
3.1.1. COMPRESSION OF THE POWDER BED
3.1.1.1.  Physical Phenomena Involved
During the application of a load to the powder bed, two types of friction are observed: 
Interparticulate friction takes place mainly during the initial rearrangement stage at low com-
paction stresses (Doelker & Massuelle, 2004; Michrafy et al, 2004) and opposes a resistance to
the smooth sliding of particles past each other and thus to the attainment of an optimal homoge-
neous packing. Due to the organic nature of the excipients considered here, this corresponds to
polymer-polymer friction at low normal loads, which may be described through multiple elastic
and plastic asperity contacts after minimal plastic flow and results in little damage or wear to the
particles (Archard, 1957).
Die wall friction is present throughout the compaction process, but its influence is the greatest
after the powder bed has reached a close state of packing (Guyoncourt et al, 2001; Doelker &
Massuelle, 2004; Michrafy et al, 2004): This corresponds to the case of friction between a poly-
meric solid and a smooth hard solid surface at high normal loads, which leads to the plastic
deformation and wear of the particles and even possibly to the transfer of a thin polymer film to
the die wall (Briscoe, 1981a; Briscoe et al, 1985; Briscoe & Evans, 1988). At high compaction
velocities, the rearrangement phase may nevertheless be perturbed by stick-slip phenomena at
the die wall, due to elastic adhesive contacts between the particles and the die bore (Azhdar et
al, 2006). However, it has been noted that die wall friction decreases to a constant value as the
densification of the tablet advances (Michrafy et al, 2004; Azhdar et al, 2006).
The global macroscopic outcome of friction during compaction is the retardation of the down-
ward motion of the powder bed being compressed, leading to a non-uniform stress distribution in
the system and low load transmission between the two punches. These two effects may be mea-
sured experimentally to quantify and characterize friction during the compaction step.
3.1.1.2. Stress Transmission Coefficient
A compaction load applied to a particulate mass, is initially transmitted through point contacts
between the particles, where stress concentrations develop, causing local deformation or frag-
mentation, depending on the properties of the material (Train & Lewis, 1962). The resistance of a
powder bed to the compressive movement of the top punch is common knowledge. It has been
shown that, due to wall friction mainly, in a cylindrical column of powder subjected to a static







Ch3: Solid Interfacial Friction during the Tabletting Process(Shaxby & Evans, 1923; Foo & Briscoe, 2004). A simple way to quantify this phenomenon during
the powder compaction process is to calculate the stress transmission coefficient (STC) between
the top and bottom punches (Equation 3.1.): 
It is commonly observed, during the formation of a compact, that stress transmission between
the punches is governed by frictional dissipation at the die walls, which depends on contact con-
ditions, such as the area and the state of the two solid surfaces. Consequently, it is limited by
large powder bed heights but increases with the compaction load and die wall lubrication and is
influenced, of course, by the type of powder compacted (Train & Lewis, 1962; Macleod & Mar-
shall, 1977; Hölzer & Sjögren, 1981; James & Newton, 1983; Dimilia & Reed, 1983; Klemm &
Sobek, 1989; Briscoe & Evans, 1991; Briscoe et al, 1994; Aydin at al, 1994; Gethin et al, 1994;
Özkan & Briscoe, 1997; Briscoe & Sinha, 1997; Briscoe & Rough, 1998a; Turenne et al, 1999;
Guyoncourt et al, 2001; Li et al, 2002; Michrafy et al, 2003) and by the mode of loading during
the compaction process (load or displacement control), which determines initial powder rear-
rangement movements and repacking (Crawford & Paul, 1982).
3.1.1.3. Tablet Inhomogeneity: Density Distribution
As a powder bed is pressed within the confines of a die, the load is not transmitted uniformly
throughout the mass but conforms to a pattern largely imposed by the die wall frictional restraint.
As a result, significant density distributions are set up within the compact. Many experimental
and predictive computational methods have been developed for the determination of the density
inhomogeneity in a tablet and the elucidation of emerging stress distributions during plane-ended
unidirectional uniaxial cylindrical compaction from the top of the die (Train, 1956, 1957; Cooper &
Goodnow, 1962; Macleod & Marshall, 1977; Kandeil et al, 1977; Charlton & Newton, 1985;
Klemm & Sobek, 1989; Aydin et al, 1994; Briscoe et al, 1994; Özkan et al, 1994; Özkan & Bris-
coe, 1997; Phillips & Lannutti, 1997; Klemm et al, 1997; Briscoe & Rough, 1998a; Deis & Lan-
nutti, 1998; Kong & Lannutti, 2000; Li et al, 2002; Michrafy et al, 2003 & 2004; Eiliazadeh et al,
2003 & 2004; Foo & Briscoe, 2004; Kadiri et al, 2005).
The results of these investigations may be summarized by Figure 3.1., which presents the
main features to be expected in the stress patterns during pressing and in the resulting density
distribution of any given cylindrical flat-faced tablet:
•  Wedges of maximum density are located at the top corners of the compact.
•  The bottom corners of the tablet have the minimum density.
•  A region of low density appears in the mid-upper center of the compact.
•  A region of high density is found in the mid-lower center of the tablet.
• The tablet average density, the disparity of the density distribution and the number of density






















Ch3: Solid Interfacial Friction during the Tabletting ProcessMarshall, 1977; Aydin et al, 1994; Özkan et al, 1994; Briscoe & Özkan, 1997; Özkan & Briscoe,
1997; Briscoe & Rough, 1998a; Deis & Lannutti, 1998; Eiliazadeh et al, 2003; Kadiri et al, 2005).
• The tablet average density, the disparity of the density distribution and the number of density
values covered decrease at high compact aspect ratios (Dimilia & Reed, 1983; Briscoe & Özkan,
1997; Deis & Lannutti, 1998; Kong & Lannutti, 2000).
• Lubrication contributes to a more homogeneous density distribution and to a higher average
compact density (Klemm & Sobek, 1989).
• Low particle sizes limit tablet densification due to increased interparticulate friction, but the





When a force PA is applied through the top punch, the immediate resistance of the powder lay-
ers beneath it and the die wall friction opposing the downward movement of the powder bed gen-
erate a flat stress profile along the punch face, with sharp rises at the die wall. This causes the
formation of high shear wedges at the top corners of the powder bed, producing the maximum
density zones observed in the final compact. The load acting on the mass of particulate matter,
as the compaction proceeds, can be resolved into two sets of increasing stress components u
and v in the radial and axial directions respectively, the resultants of which are stress compo-
nents w propagating from the top corners, along diagonal lines towards the lower center of the
pressing. Due to the symmetry of the system, stress vectors w form a conical vault-like structure,














Ch3: Solid Interfacial Friction during the Tabletting Processface applying a net stress s to the remaining center part of the powder bed. The latter, associated
with a parabolic stress profile along the bottom punch face with its maximum on the die axis,
effects the formation of the upper-center low-density area and of the bottom-center high-density
region, respectively (Train, 1957; Macleod & Marshall, 1977; Strijbos et al, 1977; Eiliazadeh et al,
2003; Foo & Briscoe, 2004). More recently, it has been shown that densification of the powder
bed occurs locally, starting from the vicinity of the advancing top punch, followed by propagation
in a wave-like fashion. The latter, combined with die-wall friction cause a transition in load trans-
mission from random directions between particles to defined patterns oriented towards the lower
center of the pressing. Globally, all high density zones result from volumes of powder confined by
frictional forces and sheared by material rearranging and flowing around them (Deis & Lannutti,
1998; Kong & Lannutti, 2000).
3.1.2. DECOMPRESSION OF THE RESULTING COMPACT
3.1.2.1. Elastic Relaxation and Residual Die Wall Force
As mentioned previously, during decompression, prior to ejection, the elastic energy stored
inside the compact is released by its volumetric expansion in the axial direction within the con-
fines of the die (Gregory, 1962; Armstrong & Haines-Nutt, 1974; Gethin et al, 1994; Maarschalk
et al, 1996; Maarschalk et al, 1997).
Figure 3.2. Experimental Illustrations of the Residual Die Wall Force during 
Decompression





This phenomenon is expected to relax stresses accumulated inside the tablet during compac-
tion in the axial and radial directions. In particular, upon removal of the compaction load, the
radial expansion of the compact against the die wall, generating a radial force, should cease








































Ch3: Solid Interfacial Friction during the Tabletting Processwall friction, especially in the absence of lubrication and full recovery is only possible after the
compact has been ejected (Train, 1956). The result is the observation of a residual die wall force
(Travers & Cox, 1978; Sugimori et al, 1989 a, b & c; Takeuchi et al, 2004; Doelker & Massuelle,
2004), defined as the non-null value of the radial die wall force at the end of the decompression
phase when the compaction load drops to zero, and illustrated in Figure 3.2.
It has been observed that the magnitude of the residual die wall force depends on the tablet
size and shape and on the material properties of the powder: Highly elastic powders exhibit
lower residual die wall forces due to their ability to relax stresses (Travers & Cox, 1978; Sugimori
et al, 1989 b & c; Sugimori & Kawashima, 1997; Takeuchi et al, 2004; Di Martino et al, 2007).
3.1.2.2. Tablet Defects: Capping
Die wall friction and the residual die wall force are linked to the occurrence of tablet defects
during decompression: Capping is the detachment of the top of the tablet, along a downward
concave surface (Long, 1960), as illustrated in Figure 3.3., and is a well-known form of tablet
damage occurring during the decompression phase. The name of this phenomenon comes from
the shape of the fragment of interest which closely resembles a cap. Many attempts have been
made to elucidate capping mechanisms (Train, 1956; Long & Alderton, 1960; Long, 1960; Naito
& Nakamichi, 1969 & 1971; Hiestand et al, 1977; Jarosz & Parrott, 1982; Hiestand & Smith,
1984; Sugimori et al, 1989 a, b & c; Garr & Rubinstein, 1991b; Tanino et al, 1995; Velasco et al,
1997; Deis & Lannutti, 1998) and conclusions may be summarized as follows: 
Figure 3.3. Schematic and Realistic Representations of the Capping Phenomenon
A few studies deemed the expansion of air entrapped in the powder bed under compression to
be responsible for capping. However, this was shown to be only a minor factor (Long & Alderton,
1960; Hiestand et al, 1977; Casahoursat et al, 1988; Garr & Rubinstein, 1991b; Tanino et al,
1995).
The mainstream theory is that the capping tendency of a material stems from the imbalance
between the tablet consolidation by plastic flow and brittle fragmentation during compaction and
the disruption and possibly rupture of interparticulate bonds caused by elastic relaxation during
unloading (Train, 1956; Long & Alderton, 1960; Long, 1960; Hiestand et al, 1977; Jarosz & Par-
rott, 1982; Casahoursat et al, 1988; Garr & Rubinstein, 1991b; Velasco et al, 1997; Hiestand,








Ch3: Solid Interfacial Friction during the Tabletting Processdeemed to result from the inhomogeneous axial elastic recovery of the tablet inside the die upon
unloading, as illustrated in Figure 3.4. Upon release and removal of the upper punch, the com-
pact attempts to relax elastically inside the die, in the axial direction, by expanding in the vertical
free space above it. The friction at the die walls, reinforced by the residual die wall force, holds
the tablet lateral surface rigidly in place, so that only its central part can recover freely. This oppo-
sition of forces creates a hyperbolic plane of stress concentration, which may cause the weak
points to rupture (Train, 1956; Long, 1960; Deis & Lannutti, 1998). The latter has also been
described as the combination of the high residual die wall force and a low axial load exerted on
the tablet resulting in a maximum shear stress propagating from the compact top corners, at a
45º angle from the compaction axis (Long & Alderton, 1960; Travers & Cox, 1978; Hiestand &
Smith, 1984; Sugimori et al, 1989 a, b & c; Sugimori & Kawashima, 1997; Takeuchi et al, 2004).
Figure 3.4. Schematic Illustration of Capping Mechanism upon Unloading of a Tablet
Ff: Die Wall Friction Force, FAER: Force Resulting from the Tablet Axial Elastic Relaxation (AER)
Many methods have been proposed for the prediction of the capping propensity of a material or
formulation from simple measurements conducted during the compaction process itself or on the
final compact (Naito & Nakamichi, 1969 & 1971; Hiestand et al, 1977; Casahoursat et al, 1988;
Sugimori et al, 1989 a, b & c; Takeuchi et al, 2004). The main concept behind the latter was, as
mentioned above, the formation of interparticulate bonds strong enough to withstand stretching
during elastic recovery of the compact. Consequently, the techniques developed were based on
indirect evaluations of the balance between the powder cohesiveness, binding strength or plas-
ticity and its fracture strength, brittleness, or elasticity. From these studies a set of guidelines for




Ch3: Solid Interfacial Friction during the Tabletting ProcessCapping materials display low stress transmission (Naito & Nakamichi, 1969 & 1971; Maruy-
ama et al, 2004; Takeuchi et al, 2004) and high residual die wall forces with a sudden drop at the
end of the decompression phase, corresponding to stress relaxation by capping itself (Naito &
Nakamichi, 1969 & 1971; Sugimori et al, 1989 a, b & c; Maruyama et al, 2004; Takeuchi et al,
2004). High compaction velocities promote capping by reducing the time available for stress
relaxation by plastic flow and by enhancing elastic recovery of the compact (Sugimori et al,
1989b; Garr & Rubinstein, 1991b; Tanino et al, 1995). The latter is also favored by increasing
compaction loads at a given tabletting speed (Garr & Rubinstein, 1991b; Tanino et al, 1995).
Capping occurs more often in thinner, convex faced tablets with lower radii of curvature than in
flat faced tablets, due to their higher residual die wall forces (Hiestand, 1977; Sugimori et al,
1989a). The use of lubrication favors a smooth elastic relaxation of the compact inside the die
upon decompression, and therefore avoids the accumulation of stresses responsible for capping
(De Blaey & Polderman, 1970; Klemm & Sobek, 1989; Velasco et al, 1997; Di Martino et al,
2007). However, one must be wary of lubricant sensitivity, which will weaken interparticulate
bonds and lead to the opposite effect (Di Martino et al, 2007). Capping may be prevented by
maintaining the tablet compressed between both punches during ejection (Long, 1960; Tanino et
al, 1995), by unloading the tablet at the lowest speed possible (Ruegger & Çelik, 2000a) or by
the use of a pre-compression step (Hiestand et al, 1977; Armstrong, 1989; Tanino et al, 1995;
Ruegger & Çelik, 2000 a & b) and thus limiting axial recovery inside the die by giving the powder
bed time to relax internal stresses through the prolongation of the compression period. By includ-
ing binders in a formulation, part of the compaction work initially dedicated to the elastic deforma-
tion of the main excipient goes into the plastic deformation of the binder. Less energy is stored
elastically and there is consequently less capping-inducing elastic recovery upon decompression
(Jarosz & Parrott, 1982; Di Martino et al, 2007). Finally, it has been stated that compacts should
not be over-compressed, as this would cause the powder bed to reach a lower porosity limit for
plastic flow, below which only elastic deformation takes place, thus promoting capping upon
unloading (Leitritz et al, 1996).
3.1.3. EJECTION OF THE TABLET
The mechanisms governing friction during tablet ejection are determined by the particle size
(Strijbos, 1977; Parmanand & Ramakrishan, 1984) and powder material properties as well as the
surface quality of the die wall (Strijbos, 1977). In the case of a coarse powder, larger than the die
bore roughness, the ejection phenomenon corresponds to the sliding of an organic solid over a
smooth hard surface either with single asperity elastic contacts, in the least damaging configura-
tion (Briscoe & Evans, 1988), or, at worst, with plastic deformation, wear of the tablet and even
possibly the transfer of a thin polymer film to the die wall (James & Newton, 1983). In the case of
fine particles, smaller than the die wall roughness, or of a brittle material easily abraded by fric-
tional contact, a layer of powder sticking to- and trapped between surface asperities of the die
bore is formed, resulting in compact-powder sliding or polymer-polymer friction (Strijbos, 1977),
previously mentioned in the case of particle rearrangement.Page 62
Ch3: Solid Interfacial Friction during the Tabletting ProcessAs described previously, the ejection profile consists of a first load peak required to overcome
static friction and initiate the compact sliding movement, then of a plateau and practically linear
decrease corresponding to dynamic friction and to the emergence of the compact form the die,
respectively (Macleod & Marshall, 1977; Briscoe & Rough, 1998b).
This may be accompanied by stick-slip behavior which corresponds to the die and the compact
moving together during the stick phase until the static frictional forces are overcome, at which
point the compact slips relative to the die under lower dynamic friction (Train, 1956; Macleod &
Marshall, 1977; Kikuta & Kitamori, 1983; Dimilia & Reed, 1983; Briscoe & Evans, 1988; Briscoe
et al, 1995; Briscoe & Rough, 1998b).
 The level of the ejection force is influenced by many factors which govern the friction phenom-
ena between the compact and the die wall: 
It is common knowledge that the ejection force increases linearly with the compact aspect ratio
or height, as the latter delimits the surface over which friction may take place (Train, 1956;
Macleod & Marshall, 1977; Briscoe & Evans, 1988; Briscoe & Evans, 1991; Gethin et al, 1994;
Briscoe et al, 1995; Briscoe & Rough, 1998b).
It has also been shown that the ejection stress is linearly related to the compaction load (Train,
1956; Yarnton & Davies, 1963; Macleod & Marshall, 1977; Hölzer & Sjögren, 1981; Briscoe &
Evans, 1988; Briscoe et al, 1995; Briscoe & Rough, 1998b; Otz & Thoma, 2000). The latter has a
dual influence on the compact: Firstly, the compaction load is transmitted to the die wall and
thereby contributes to the radial and residual die wall forces, which act as a normal load to the
two solids in sliding contact represented by the tablet and the die bore (Long, 1960; Klemm et al,
1997; Hölzer & Sjögren, 1981; James & Newton, 1983; Kikuta & Kitamori, 1983; Takeuchi et al,
2004; Hong et al, 2008). Secondly, the compaction stress promotes the radial expansion of the
tablet inside the die and thus controls the magnitude of the contact area between the compact
and the die wall (Briscoe et al, 1995).
The ejection force and occurrence of the stick-slip phenomenon decrease at high velocities, as
little time is available for strong adhesive junctions to continuously reform between the tablet and
die wall (Kikuta & Kitamori, 1983; Dimilia & Reed, 1983; Briscoe et al, 1995; Briscoe & Rough,
1998b).
The ejection process is facilitated by the use of lubrication (Train, 1956; Long, 1960; Yarnton &
Davies, 1963; Klemm et al, 1997; Macleod & Marshall, 1977; Strijbos, 1977; Hölzer & Sjögren,
1981; Kikuta & Kitamori, 1983; Dimilia & Reed, 1983; Briscoe & Evans, 1988; Briscoe et al, 1995;
Briscoe & Rough, 1998b; Turenne et al, 1999; Hong et al, 2008): Admixed lubricant works well,
but the lubrication of die walls works best (Train, 1956; Turenne et al, 1999). The lubricant layer
thickness relative to particle size determines the efficiency of the process. With small particles,
the lubricant layer effectively isolates the powder from die wall and adhesive shear takes place
within the lubricant film. With coarse particles penetrating the lubricant layer and maintaining







Ch3: Solid Interfacial Friction during the Tabletting ProcessThe powder compacted, its material properties, its particle size and shape determine the type
of interaction and the extent of it, taking place between the compact and the die wall (Para-
manand & Ramakrishnan, 1984; Gethin et al, 1994). The latter is also determined by the die
metal type and by the die wall roughness (Otz & Thoma, 2000), as well as the die wall condition.
For example, in the case of industrial tabletting, the ejection force increases to a constant value
with the tablet number, since successive compactions change the die wall conditioning due to
powder sticking, deposition and the erosion of possible lubricant layers, shifting friction condi-
tions from (lubricated) organic solid-smooth hard surface to polymer-polymer friction (Kikuta &
Kitamori, 1983).
3.1.3.1. Tablet Defects: Cracking and Lamination
Lamination is the fragmentation of the tablet from its bottom part, possibly into slices, along
convex upward surfaces as illustrated in Figure 3.5. During ejection, the friction at the die walls
maintains the tablet circumferential surface under strain until the edge of the die is attained. In
this case, the bottom part of the table is unconfined and axial inhomogeneous elastic relaxation
may take place there, similar to that causing capping (Figure 3.4.), but in the opposite direction,
which is a first source of damage. As the tablet advances towards the die edge, the parabolic
plane of stress propagates along its height, generating potential crack origins.
Figure 3.5. Schematic Representation of the Lamination Phenomenon
As the compact starts exiting the die, it relaxes elastically in three dimensions, as illustrated in
Figure 3.6. This opposes the strain imposed to the part of the tablet still confined inside the die,
and creates a line of shear which might result in the appearance of a series of cracks as this line
of shear propagates, if the weak links give way (Train, 1956; Long, 1960).
These phenomena are greatly reduced by die wall lubrication which limits the restriction of
compact relaxation by die wall friction, or by ejecting the compact under the load of two opposing













Starch 1500® is the brand name given by its producer, , Dartford, Kent, UK, to par-
tially pregelatinized starch (PPGS). Pharmaceutical grades of partially pregelatinized starch con-
tain no additives and are prepared by spreading an aqueous suspension of ungelatinized starch
on hot drums where gelatinization and subsequent drying takes place. Moistened starch is sub-
jected to mechanical stress, in order to rupture part of the granules and so render the powder
flowable and directly compressible. The resultant material is ground and the moisture content
adjusted to specifications. Typically, pregelatinized starch contains 5% of free amylose, 15% of
free amylopectin, and 80% unmodified starch. This compound is obtained mainly from maize
(corn) starch. Starch 1500® occurs as a moderately coarse to fine, white to off-white colored
powder. It is odorless and has a slight characteristic taste (Bolhuis & Chowhan, 1996; Kibbe,
2000; Colorcon, 2005a). 
Starch 1500® is advertised as a multifunctional excipient designed specifically for use in the
formulation of solid oral dosage forms obtained by direct compression and brings benefits
through its binding capability, improved disintegrant and dissolution properties and lubricity (Cun-




Ch3: Solid Interfacial Friction during the Tabletting Processtaining moisture-sensitive APIs as it has the capacity to preferentially bind water and maintain its
surroundings at a low equilibrium relative humidity (Malamataris et al, 1991; Cunningham, 2003).
Detailed specifications of Starch 1500® are given in Appendix 1.
Partially pregelatinized starch is a popular and much studied excipient dating back to the 1970s
(Bolhuis & Chowhan, 1996; Jivraj et al, 2000). This material displays viscoelastic behavior (c.f.
Section 3.2.3.) with consolidation by time-dependent plastic deformation and interparticulate
bonding via long-range forces resulting from molecular and van der Waals interactions, as well
as high elastic recovery upon decompression (Çelik & Aulton, 1996; deCrosta et al, 2000; Rueg-
ger & Çelik, 2000 a & b; Galley et al, 2000; deCrosta et al, 2001; Welch et al, 2005). Starch
1500® exhibits initially slow but eventually extensive plastic flow or stress relaxation which may
be a disadvantage in high speed tabletting (Rees & Rue, 1978; Malamataris et al, 1992; Çelik &
Aulton, 1996; deCrosta et al, 2000; Galley et al, 2000; Zhang et al, 2003). At high compaction
velocities, this excipient’s strain rate sensitivity results in an increase in elastic deformation and a
decrease in plastic flow which may compromise the cohesion of the final tablet through the for-
mation of insufficiently strong interparticulate bonds and may promote capping and lamination.
This may also be the cause of low compact mechanical strength generally observed (Rees &
Rue, 1978; Staniforth & Patel, 1989; Karehill & Nyström, 1990b; Malamataris & Rees, 1993; Bol-
huis & Chowhan, 1996; Jivraj et al, 2000; deCrosta et al, 2000; Ruegger & Çelik, 2000a; Welch
et al, 2005). Due to its plasticity, Starch 1500® is extremely sensitive to lubricants which consid-
erably lower tablet cohesion (Karehill & Nyström, 1990b; Nyström et al, 1993; Bolhuis &
Chowhan, 1996; Jivraj et al, 2000).
However, Starch 1500® has also been observed to display good bonding and binding proper-
ties (Hiestand & Smith, 1984; Nyström et al, 1993; Bolhuis & Chowhan, 1996; Zhang et al, 2003)
and, especially, high inherent lubricity (Travers & Cox, 1978; Bolhuis & Chowhan, 1996; deCro-
sta et al, 2001; Cunningham, 2003; Takeuchi et al, 2004; Colorcon, 2005a) which should enable
the formulator to lower the levels of traditional lubricants and their potential problems to be
reduced or eliminated (Cunningham, 2003; Colorcon, 2005a). These self-lubrication properties,
which transpire in the form of high stress transmission (Travers & Cox, 1978; Takeuchi et al,
2004), low ejection forces (deCrosta et al, 2001; Takeuchi et al, 2004) and low friction coefficients
(Travers & Cox, 1978; Bolhuis & Chowhan, 1996) are deemed the result of Starch 1500®’s low
residual die wall force which stems from its extensive capacity to relax internal stresses through
plastic flow and elastic recovery upon unloading (Travers & Cox, 1978; Bolhuis & Chowhan,
1996; Takeuchi et al, 2004).
The aim of the current thesis is to verify and evaluate the viscoelastic properties and elucidate
the self-lubrication behavior of Starch 1500®. This already substantially characterized excipient
will serve as a yard stick for the three other less-known ones.
3.2.1.2. Starcap 1500®
Starcap 1500® is a novel excipient, obtained by spray-drying a slurry of Starch 1500® and
native starch and was initially dedicated to encapsulation, but was later observed to be adequatePage 66
Ch3: Solid Interfacial Friction during the Tabletting Processfor tabletting as well. This material is inert, free-flowing and generates little dust (Colorcon,
2005b). Similar to Starch 1500®, Starcap 1500® occurs as a coarse, white to off-white colored
powder or granule. It is odorless and has a slight characteristic taste (Kibbe, 2000). Detailed
specifications of Starcap 1500® are given in Appendix 1.
Little work has been published on Starcap 1500® and most existing characterizations are
related to its use as a capsule filler: This material is a good disintegrant, thus relieving formula-
tions of additional disintegrants or superdisintegrants (Do & Farrell, 2007) and its disintegration
and dissolution properties are independent of media pH, leading to quick and consistent in-vivo
drug release profiles (Colorcon, 2005b; Gulian et al, 2005). Due to its ideal flow properties, Star-
cap 1500® allows reproducible capsule and die filling with negligible weight and thus dose varia-
tions during high speed production (Colorcon, 2005b; Do & Farrell, 2007). Starcap 1500® is a
good binder, providing high tablet strength and low friability to poorly compactable drug sub-
stances such as cyclobenzaprine (Do & Farrell, 2007). Finally, this excipient displays good phys-
ical, chemical and microbiological stability ensuring reproducible performance, unaffected by
storage time and conditions (Colorcon, 2005b; Gulian et al, 2005).
Few studies have been carried out on the tablettability of this excipient: The aim of this work is
to comparatively characterize the consolidation and viscoelastic properties of Starcap 1500®, in
order to find out if it benefits from the same cohesion and inherent lubricity as Starch 1500®.
3.2.1.3. Low‐Substituted HydroxyPropyl Cellulose LH‐11 and LH‐B1
Low-substituted hydroxypropyl cellulose (LHPC) is an ether of cellulose, formally known as
Cellulose, 2-hydroxypropyl ether (low-substituted); its chemical structure is given in Appendix 1.
The degree of substitution of this compound is not a trivial notion. Low-substituted HPC contains
an average of 0.2 hydroxypropoxy groups per glucose unit as opposed to 3.5 for standard HPC,
which strongly influences their physical properties, particularly their solubility in water, and thus
their applications in the pharmaceutical industry (Shin-Etsu, 2005a).
LHPC is synthesized by reacting mercerized alkaline cellulose with propylene oxide at elevated
temperatures (Ether Synthesis by Epoxy Ring Opening; detailed in Appendix 1). Following this
reaction, the product is recrystallized by neutralization, washed, and milled (Shin-Etsu, 2005a).
The full manufacturing process of the range of LHPC materials is schematized in Figure 3.7.
Low-substituted hydroxypropyl cellulose occurs as a white to yellowish white powder or granules.
It is odorless or has a slight, characteristic odor, and is tasteless (Kibbe, 2000). Detailed specifi-
cations of LHPC LH-11 and LH-B1 are given in Appendix 1.Page 67
Ch3: Solid Interfacial Friction during the Tabletting ProcessFigure 3.7. Manufacturing Process and Nomenclature of Low‐Substituted 
HydroxyPropyl Cellulose Grades According to 
There are a number of grades of LHPC which have different particle sizes and substitution lev-
els, as indicated by the nomenclature description in Figure 3.7. LH-11 and LH-B1 both have a
high substitution level (11% hydroxypropyl groups), but differ in their particle sizes and shapes,
and consequently in their applications: LH-11 is fibrous, has the largest particle size, and is typi-
cally used as an anti-capping agent, as a binder and as a disintegrant for direct compression
(Nordby & Pickard, 1983; Sugimori et al, 1989c; Kawashima et al, 1993; Kibbe, 2000; Alvarez-
Lorenzo et al, 2000; Ishikawa et al, 2001; Ho et al, 2002; Shimizu et al, 2003; Shin-Etsu, 2005a;
Di Martino et al, 2007). LH-B1 is a finer, more compact, non-fibrous powder which is employed
as a disintegrant and as a binder in tabletting (Tanno et al, 2004; Shin-Etsu, 2005 a & b).
Few studies of the compaction behavior of LHPC are available in the literature. However, it has
been shown that this range of excipients consolidate mainly by plastic flow and display extensive
elastic relaxation and are consequently sensitive to lubricants (Di Martino et al, 2007). Similar to
Starch 1500®, low-substituted hydroxypropyl celluloses exhibit self-lubrication properties in the
form of a high force transfer ratio between the upper and lower punches, low ejection forces and
the reduction of capping when included in formulations (Sugimori et al, 1989c; Takeuchi et al,
2004; Maruyama et al, 2004; Di Martino et al, 2007). These are deemed the result of their low
residual die wall force, due to extensive internal stress relaxation by elastic recovery (Takeuchi et
al, 2004; Maruyama et al, 2004; Di Martino et al, 2007). In particular, in a comparative study on
anti-capping properties, involving the entire range of LHPC grades as well as a set of common
pharmaceutical excipients, the LHPCs yielded close results and globally gave better capping
prevention than all other powders. LHPC LH-11 showed the highest anti-capping effect with the
lowest residual die wall and ejection forces, as well as the highest stress transmission ratio. This
was deemed due to the balance between its elastic and plastic deformation components during
consolidation and to the fact that its particles are fibrous. On the other hand, LHPC LH-B1 was
found at the other end of the performance spectrum (Maruyama et al, 2004).
Few results have been published on the tablettability of LHPC LH-B1. As LHPC LH-11 and
LHPC LH-B1 are identical in chemical composition and only differ in their physical forms, i.e. in
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Ch3: Solid Interfacial Friction during the Tabletting Processviscoelastic properties, in order to elucidate the mechanisms underlying their anti-capping and
self-lubrication properties.
3.2.2. PHENOMENOLOGICAL DEFINITION OF SELF‐LUBRICATION
As mentioned previously, the use of lubrication during powder compaction is mainly intended to
improve tablet formation and ejection by reducing interparticulate and powder- or compact-die
wall friction which may cause many problems, among which are inadequate compact quality
(Train & Lewis, 1962; Moody et al, 1981; Alderborn, 2004).
Tabletting lubricants act mainly by boundary lubrication, which is most commonly explained by
Bowden and Tabor’s "Shear Strength Theory" of friction between ductile solids (Moody et al,
1981; Bowden & Tabor, 1986 b, c & d). Boundary lubrication is a surface phenomenon where two
sliding solid counterfaces are separated by a thin film of lubricant strongly adhered to each of
them. The latter reduces friction between the two surfaces in sliding contact by dampening the
repeated formation and facilitating the shearing of microscopic adhesive junctions, which cause
the dissipation of a part of the mechanical energy devoted to the movement. The lubricant
achieves this either by separating the asperities in potential contact between the two solid coun-
terfaces, or by easing their sliding past each other when they penetrate the film. In the case of
compact formation, the lubricant is squeezed out of the pores to the tablet surface, where it dis-
tributes itself along asperities and in open pores to result in a reasonably levelled lubricating film
outer surface. The latter can then reduce friction by undergoing shear itself. In the common case
of organic substances, boundary lubrication results from the adherence of polar portions of mole-
cules with long carbon chains to opposing solid surfaces (Moody et al, 1981; Briscoe, 1982;
Bowden & Tabor, 1986 e & f; Miller & York, 1988; Hjortsberg et al, 2005).
Boundary lubricants in pharmaceutical compaction are generally fine particulate, low shear
strength, possibly laminar solids, with high wear resistance in film form, able to strongly adhere to
the surfaces rubbing against each other. The latter may coat the solids lubricated by chemisorp-
tion or physisorption (Moody et al, 1981; Briscoe, 1982; Bowden & Tabor, 1986f; Miller & York,
1988; Alderborn, 2004; Rao et al, 2005).
As mentioned previously, Starch 1500® and LHPC have been observed to display self-lubrica-
tion properties, which we have defined as "the reduction of possibly adverse effects of friction
during the tabletting process" (c.f. Chapter 1 Section 1.2.3., Section 3.2.1.1. and Section
3.2.1.3.).
Few studies have been carried out on self-lubricating solids. Briscoe and Tabor (1975) found
that high density poly(ethylene), which is considered a smooth molecular profile polymer, exerts
a lubricating action during sliding on a smooth hard counterface by transfer of a thin polymer film
where the majority of molecular chains appear to be highly drawn out in a direction parallel to the
surface of the substrate. This enables smooth sliding between two highly oriented films; one
transferred to the substrate, the other formed on the slider. Other cases deal mainly with com-








Ch3: Solid Interfacial Friction during the Tabletting Processter draw their self-lubricating properties from the lubricant they contain (Shiao et al, 2001;
Balasubramanian et al, 2002; Hanada et al, 2004; Evtushok et al, 2005; Li, 2008), which limits
their interest in this study.
On a first basis, due to their common polymeric nature, we could compare the self-lubricating
properties of Starch 1500® and LHPC to those of HDPE. With these tabletting materials, there is
a possibility of thin film transfer to the die wall, however its contribution to lubrication is uncertain.
Another route is that of viscoelastic behavior, which has been substantially studied and is
reviewed below.
3.2.3. VISCOELASTIC BEHAVIOR: DESCRIPTION AND CHARACTERIZATION
A viscoelastic material is generally defined as one for which the relationship between stress
and strain depends on time (Benham et al, 1996a; Lakes, 1999a). In practice, as reflected by the
name, viscoelastic substances display viscous-like as well as elastic characteristics in their
deformation behavior (Lakes, 1999a). An elastic solid has a defined shape and deforms revers-
ibly: It stores the energy which it obtains from the work done by and external load during defor-
mation and uses it to recover its original shape and size upon unloading. A viscous liquid, on the
other hand, has no defined shape and flows irreversibly under the action of external forces
(Ward, 1971). Linear viscoelastic behavior may be represented as the combination Hookean
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Ch3: Solid Interfacial Friction during the Tabletting ProcessSprings, dashpots and Maxwell or Kelvin elements may be combined in a number ways to
obtain adequate high order or canonical viscoelastic models (Müller, 1996). However, one must
bear in mind that the higher the number of model parameters, i.e. elastic and viscous moduli, the
less physical sense one can make of them.
In practice, viscoelasticity manifests itself in the form of creep, which is a slow progressive
deformation of a material under constant stress, and in the form of stress relaxation which is the
gradual decrease in stress when a material is held at constant strain (Lakes, 1999a).
The importance of viscoelastic behavior in pharmaceutical tabletting was recognized early
(Hiestand et al, 1977; Armstrong, 1989). Viscoelasticity is always present; it produces accompa-
nying plastic deformation for any significant strain and reduces stress concentrations. Plastic
flow aids interparticulate bonding by increasing the area of contact between particles and limiting
their separation upon unloading through the formation of isthmi. However, it imposes strain rate
dependency on processing, which may result in low compact consolidation due to high industrial
tabletting rates. (Armstrong, 1989; Hiestand, 1991; Hiestand & Smith, 1991; Morehead, 1992;
Hiestand, 1997). This problem may be partially circumvented by using double compactions or a
pre-compaction step which would extend of the effective contact time and allow further compact
densification (Hiestand et al, 1977; Armstrong, 1989; Tanino et al, 1995; Ruegger & Çelik, 2000 a
& b).
Viscoelastic behavior is also observed in the form of the compact volumetric relaxation during
and after unloading and ejection. Many cases of post-compaction tablet mechanical strength
increases during storage in a dry environment have been reported. This phenomenon was pos-
tulated to be due to continuing stress relaxation and increased interparticulate bonding caused
by time-dependent plastic flow enhancing the area of interparticulate contact and bringing parti-
cle surfaces closer together (Rees & Shotton, 1970; Karehill & Nyström, 1990b; Eriksson &
Alderborn, 1994; Picker, 2001).
Many techniques have been adapted from materials science for the evaluation of the vis-
coelastic behavior of pharmaceutical excipients, tests being carried out either on ejected tablets
treated as continuous solid samples or on the powder bed being compacted. The easiest way to
emphasize a material’s time-dependent deformation is to study its strain rate sensitivity, which is
discussed and defined below as the variation of a plastic-flow dependent property with the com-
paction rate.
Plastic flow may be quantified through viscoelastic parameters obtained from a number of
dynamic techniques, the two most popular being creep compliance and stress relaxation studies.
The former generally involves compressing the powder bed to a constant load and observing the
evolution of the strain over time intervals ranging from 90 to 360s. The strain-time curves
obtained served to determine the powder elastic and viscous components, or a combination of
both, by fitting them with viscoelastic models (Staniforth et al, 1987; Staniforth & Patel, 1989;
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Ch3: Solid Interfacial Friction during the Tabletting ProcessStress relaxation is the most commonly used method for the study of viscoelastic phenomena
in pharmaceutical tabletting. In analogy to the previous, it involves compressing the powder bed
to a constant strain and observing the evolution of the resulting stress over time (Rees & Rue,
1978; Krycer et al, 1982a; Krycer et al, 1982 a & b; Casahoursat et al, 1988; Morehead, 1992;
Rees & Tsardaka, 1993; Galley et al, 2000; Ebba et al, 2001). This is the technique we have cho-
sen for the present study of viscoelasticity and is discussed below.
3.2.3.1. Strain Rate Sensitivity
Due to the time-dependence of plastic flow, viscoelastic materials exhibit strain rate sensitivity.
In 1985, following a study on the influence of the compaction velocity on the consolidation behav-
ior of a set of pharmaceutical excipients, Roberts and Rowe (1985) defined the experimental
quantity "Strain Rate Sensitivity" as the percentage increase in the yield stress derived from
Heckel plots (σy) between compaction velocities 0.033 and 300 mm.s-1(Equation 3.2).
This is an indirect reflection of the decrease in plastic flow caused by high compaction rates.
The definition of the strain rate sensitivity as an experimental quantity may be generalized as the
percentage variation of a tablet property Φ, possibly linked to viscoelastic deformation, with the
compaction velocity (Equation 3.3).
Strain rate sensitivity has been widely observed: with increasing strain rates, less time is avail-
able for accommodating plastic flow, resulting in a reduction in compact densification and consol-
idation which leads to lower mechanical strength and hardness. The compaction energy left over
from the limited plastic flow is utilized through elastic deformation, which is followed by enhanced
volumetric recovery of the tablet upon unloading which causes stretching and weakening of pre-
viously formed interparticulate bonds. In addition to the previous effect, the inability of the mate-
rial to relax stresses in high speed tabletting enhances its capping tendency (Train & Lewis,
1962; Rees & Rue, 1978; Roberts & Rowe, 1985 & 1986; Holman & Leuenberger, 1989; Arm-
strong, 1989; Marshall et al, 1993; Malamataris & Rees, 1993; Rees & Tsardaka, 1993, Ruegger
& Çelik, 2000a; Hancock et al, 2001; Tye et al, 2005).
In this study, the tablet parameters chosen for the strain rate sensitivity evaluation are the
Heckel Yield Stress (c.f. Chapter 2 Section 2.5.2.2.), the Kawakita a and b parameters (c.f. Chap-
ter 2 Section 2.5.2.1.), the maximum stress transmission coefficient (c.f. Section 3.1.1.2.), the
works of compaction and decompression (c.f. Chapter 2 Section 2.5.1.), the maximum ejection
force (c.f. Chapter 2 Section 2.3.), the tablet axial and diametral relaxations (c.f. Chapter 2 Sec-
tion 2.5.3.), the compact tablet mechanical strength (c.f. Chapter 2 Section 2.6.1.) and surface












Most stress relaxation studies relative to powder compaction have consisted in monitoring the
stress decay following compression of the powder bed to a constant strain, in spite of the fact
that this method does not allow the evaluation of plastic flow during the time necessary for the
application of the load. Relaxation times ranged from 6 to 1000s, but authors generally chose to
remain within short intervals in order to be consistent with the contact times encountered during
high speed tabletting. Similar to the case of creep compliance studies, the powder elastic and
viscous components, or a combination of both, were determined by fitting the data with the most
appropriate viscoelastic models possible (Rees & Rue, 1978; Krycer et al, 1982a; Krycer et al,
1982b; Casahoursat et al, 1988; Morehead, 1992; Rees & Tsardaka, 1993; Galley et al, 2000;
Ebba et al, 2001). Unfortunately, it was pointed out that many viscoelastic models and fits, such
as the Maxwell model are only valid for very short relaxation times, due to the stress profile
reaching an asymptotic value at infinite time (Rees & Rue, 1978; Casahoursat et al, 1988; More-
head, 1992; Rees & Tsardaka, 1993), revealing the possible need for adaptation to longer term
relaxation phenomena. 
Simpler analyses of stress relaxation profiles showed that the asymptotic value or residual
stress gives an estimation of the elastic component of the powder, since it corresponds to the
time when all plastic or viscous flow has been depleted. The difference between the maximum
load and the residual stress is considered to be the plastic component of the material (Casahour-
sat et al, 1988). The latter is also known as the total stress decay and its percentage relative to
the initial load gives an idea of the relaxation amplitude of the powder (Galley et al, 2000). It was
also highlighted that due to the short dwell times of industrial presses, the rate of plastic deforma-
tion determined from the slope of the stress relaxation profile provides a good indication of the
stress relaxation efficiency of an excipient used in high speed tabletting (Krycer et al, 1982b).
In this work, it was chosen to consider experimental viscoelastic parameters allowing an evalu-
ation of the powder tablettability directly applicable to production processes. These are illustrated
and defined in Figure 3.9. (Equation 3.4 to Equation 3.8): The initial (SRR0) and final (SRRF)
plastic flow or stress relaxation rates are obtained from the slope of the stress relaxation profile
at the appropriate times. These should give an indication of the kinetics and thus of the efficiency
of each excipient at relaxing stresses during short contact times. Also, one may determine how
quickly the stress relaxation driving force is depleted over time.
A stress relaxation rate (SRR) profile may be built by taking the derivative of the stress profile
over the time interval desired. The average stress relaxation rate (SRRAv) is calculated by inte-
grating the stress relaxation profile obtained previously over a chosen time range. This quantity
allows a global evaluation of the stress relaxation capacity of each material, taking into account
the decay of the stress relaxation rate with time.
The maximum stress decay (ΔSM) over the relaxation time corresponds to the difference
between the initial/maximum stress applied and the asymptotic/final value of the profile. ThisPage 73
Nomenclature for Figure 3.9. and Equation 3.4 to Equation 3.8
Symbol Description Units
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The main focus of this Chapter are the adverse effects of friction phenomena occurring during
the tabletting process, their detection, quantification and elimination. The latter are presented in
the chronological order in which they appear: die wall friction is the principal phenomenon
responsible for poor compact consolidation due to poor stress transmission and volume reduc-
tion, resulting in an inhomogeneous density distribution. The latter reveals regions of low density,
which act as weak links in the tablet structure, ready to rupture during axial and diametral relax-
ation processes taking place during the unloading and ejection phases. Capping and cracking
are the main defects caused to compacts by die wall friction-induced inhomogeneous axial and
diametral recoveries during decompression and as the tablet emerges form the die, respectively.
The latter may be prevented by the self-lubricating effects displayed by Starch 1500®, Starcap
1500®, LHPC LH-11, LHPC LH-B1 in the form of low ejection forces, elevated stress transmis-
sion and anti-capping properties. These four excipients of interest are reviewed here and it is
believed that their self-lubrication properties stem from their viscoelastic behavior. The latter is
defined and is proposed to be characterized experimentally through a strain rate sensitivity study
and a stress relaxation study.
All experimental techniques and conditions pertaining to the characterizations described in
these two chapters are detailed in the next chapters. The results obtained are presented an dis-







The excipients studied in this work have been fully described in Chapter 3 Section 3.2.1. and
their detailed specifications are listed in Appendix 1. In Table 4.1. are recapitulated their main





































Ch4: Current Materials and MethodsThe starches were kindly supplied by Colorcon Ltd, Dartford, Kent. The low-substituted
hydroxypropyl celluloses were generously provided by RW Unwin & Co Ltd, Hertfordshire (UK
branch of Shin-Etsu Chemical Co Ltd, Japan).
The powders were used as supplied by manufacturers and stored in sealed containers at ambi-
ent temperature (20-25ºC) and humidity (30-50% RH).
4.2. APPARATUS AND EXPERIMENTAL PROCEDURES
Further technical and practical details of all pieces of equipment used in the apparati described
may be found in Appendix 2.
4.2.1. TABLET PRODUCTION
4.2.1.1. General Set‐Up: Mechanical Press
Compactions were carried out on an Instron® 5581 Universal Materials Testing Machine
(Instron®, High Wycombe, UK), fitted with a purpose-built compaction jig or a split-die. The vari-
ous parts of the set-up and their functions are described below and represented in Figure 4.1.,
Figure 4.2. and Figure 4.3.
The applied load was monitored via a 50 kN static drop-through load cell (2525-802, Instron®,
High Wycombe, UK) mounted on the Instron® press crosshead, with an accuracy of ±0.3% of
reading. The output voltage was then amplified and digitized through an appropriate electronic
circuit housed in the Instron® base (Instron, 1996 & 2007; Figure 4.1.).
The vertical movement of the Instron® press crosshead was enabled by the rotation of two
threaded ball screws and any lateral sway was avoided by two steel guidance columns. The
mechanical drive train of the Instron® materials testing machine consisted of a DC servomotor
connected to the ball screws via a series of timing belts and pulleys. The displacement and
speed of the crosshead were controlled and read by an incremental shaft encoder coupled with
the servomotor, with an accuracy of ±0.02 mm or ±0.05% of reading (Instron, 1996 & 2007;
Figure 4.1.). The advantage of an incremental shaft encoder is that its output signal is digital, so
there is no need for analog-digital conversion and the device may be plugged directly into a com-
puter or into a control loop.
The Instron® mechanical press was connected to a computer via a parallel port located at the
back of the frame control console (Instron, 1996 & 2007; Figure 4.1.). This allowed users to con-
trol the loadframe from the computer and to program materials tests and specifically compactions
using the proprietary software Merlin 8800 (Instron®, High Wycombe, UK), as well as to record
and store the load and displacement data generated.
The global compliance of each set-up (traditional and split-die jigs (c.f. Section 4.2.1.2. and
Section 4.2.1.3.): mechanical press, load cells, mechanical parts, punches,...) was evaluated in
triplicate prior to each set of experiments by running an empty die compaction. A numerical dataPage 77
Ch4: Current Materials and Methodsfit was applied to the resulting data in order to obtain a relationship between the compression
load and the resulting crosshead displacement. This error was later subtracted from the raw dis-
placement data collected from experiments, in order to allow true displacements to be deter-
mined.
In order to avoid saturating the computer resources, but yet obtain meaningful compaction
curves, data sampling speeds for each experiment were adjusted to capture about 3000 data
points. Each compaction was repeated 3 times for statistical and error analyses, and in order to




Compactions were carried out with a tool steel cylindrical 10 mm in diameter flat-faced punch
and die set, traditionally used in the pharmaceutical industry (courtesy of Merck Sharp and
Dohme Ltd, Hertfordshire, UK).
Most compactions conducted in this work involved the use of a purpose-designed jig illustrated
in Figure 4.2. The die set used is an industrial one and is thus not self-standing. Consequently,
the punches and die must be slotted into a support structure in order to keep them in their correct
operating positions. Also, the top and bottom punches are required to be properly aligned with
the die bore, without any lateral sway, as well as centered on their respective load cells, in order





























Ch4: Current Materials and Methodsjig serves all these purposes: It holds together the compaction equipment and maintains the dif-
ferent parts in adequate alignment throughout the compaction experiments.
The compaction jig was manufactured in stainless steel 316 in order to accommodate the
range of compaction loads used (Department of Chemical Engineering Workshop, Imperial Col-
lege London, London, UK).
Figure 4.2. Purpose‐Designed Compaction Jig (Imperial College London, Department 
of Chemical Engineering Workshop)
During compactions, the load applied by the top punch and its corresponding displacement
were monitored via the Instron® Universal Materials Testing Machine 5581 (Instron®, High
Wycombe, UK), as described in the previous Section. The bottom punch was restrained verti-
cally. The stress transmitted to the latter through the powder bed was recorded using a button
load cell (Model 53 compression load cell, RDP Electronics Ltd, Wolverhampton, West Midlands,
UK), the output of which was amplified (S7DC Strain Gauge Transducer Amplifier, RDP Electron-
ics Ltd DC powered by a PSU 203 power source, Lascar Electronics Ltd, Salisbury, UK), digitized
and interfaced to a computer (CIO-DAS08/JR Analog Digital Converter and Interface Card, Com-
1 Instron® Mechanical Press Crosshead 9 Jig Top Plate
2 Instron® 2525‐802 Drop Through Load Cell 10 Jig Column
3 Top Punch Holder with Pin 11 Bottom Load Cell and Punch Aligner/Cover
4 Top Punch 12 Vertically Adjustable Bottom Load Cell Holder
5 Die 13 Bottom Load Cell
6 Bottom Punch 14 Jig Bottom Anchor
7 Punch and Die Set 15 Jig Bottom Plate





























Ch4: Current Materials and MethodsputerBoards Inc now Measurement Computing Corp, Norton, MA, USA). The experimental data
generated was read and recorded with the software HP VEE 5.01 (Hewlett-Packard Co, now Agi-
lent VEE by Agilent Technologies Inc, Wokingham, Berkshire, UK).
4.2.1.2.1. Compaction Protocol
• Prior to a set of experiments, the compliance of the apparatus was determined via and empty-
die compaction, in order to correct the displacement values obtained for powder pressings (c.f.
Section 4.2.1.1.).
• The bottom punch was raised into the die via the vertically adjustable bottom load cell and
punch holder (Figure 4.2., 6 and 12) and kept stationary for the remainder of the compaction
phase.
• Powder was accurately weighted out (RC210S, Sartorius AG, now Sartorius Mechatronics UK
Ltd, Surrey, UK; Micro and Chemical Spoon spatulas, Bochem Instrumente GMBH, Weilburg,
Germany; Weighing Scoop, Pyrex® c/o SciLabware Ltd, Staffordshire, UK) and poured into the
die cavity (Figure 4.2., 8 and 5), ensuring uniform distribution of the material.
• The compaction jig frame (Figure 4.2., 9) was tapped to pre-pack the material and the initial
powder bed height was determined with calipers (SPI DigiMax, USA).
• The top punch (Figure 4.2., 4) was brought to its zero position, i.e. aligned as closely as
possible with the top edge of the die, the compaction method was loaded onto the computer
controlling the Instron® mechanical press and the settings for the bottom load cell data sampling
adjusted on the corresponding computer. A single cycle constant rate saw tooth displacement
profile was applied to the top punch.
• The compaction was started by launching both computers simultaneously, in order to record the
applied and transmitted loads at the same time.
• Upon completion of the compaction step, both computers were stopped and the ejection
method loaded onto the Instron® computer. The bottom punch (Figure 4.2., 6 and 12) was
lowered to open the underside of the die and a small receptacle was placed on its tip to catch the
ejected tablet.
• As soon as the tablet fell from the die bore, it was recuperated, weighed (RC210S, Sartorius
AG, now Sartorius Mechatronics UK Ltd, Surrey, UK) and its height and diameter measured with
a micrometer (External digital micrometer, RS Components Ltd, UK).
4.2.1.3. Split‐Die Compactions
In order to evaluate unejected compact properties, a set of tablets was prepared using a split
die. An 11.3 mm in diameter, tool steel, cylindrical, flat-faced punch and split-die set was kindly
provided by Merck Sharp and Dohme Ltd, Hertfordshire, UK. The latter, with its jig, is repre-
sented in Figure 4.3.
Similarly to the traditional die set used in regular compactions, the split die required a few
accessories (manufactured in the Department of Chemical Engineering Workshop, Imperial Col-Page 80
Ch4: Current Materials and Methodslege London, London, UK), to center it on the Instron® mechanical press and align the top punch
with its bore. The top punch (4) screws onto its holder (3) via a threaded rod. The split die is cen-
tered on a 316 stainless steel platen (9) by sliding it, through its appropriate clearance, onto a





• Prior to a set of experiments, the compliance of the apparatus was determined via and empty-
die compaction, in order to correct the displacement values obtained for powder pressings (c.f.
Section 4.2.1.1.).
• The split-die set (Figure 4.3., 4 to 7) was assembled, mounted and centered on the Instron®
mechanical press (Figure 4.3.).
1 Instron® Mechanical Press Crosshead 7 Screw holding Split‐Die together and Spacer
2 Instron® 2525‐802 Drop Through Load Cell 8 Centering Pin in the Split‐Die Clearance
3 Top Punch Holder (top punch screws on) 9 Platen Acting as a Base for the Split‐Die
4 Top Punch 10 Instron® Rigid Coupling for Accessories
5 Female Half of Split‐Die 11 Instron® Locknut





























Ch4: Current Materials and Methods• Powder was accurately weighted out (RC210S, Sartorius AG, now Sartorius Mechatronics UK
Ltd, Surrey, UK; Micro and Chemical Spoon spatulas, Bochem Instrumente GMBH, Weilburg,
Germany; Weighing Scoop, Pyrex® c/o SciLabware Ltd, Staffordshire, UK) and poured into the
die cavity (Figure 4.2., 8 and 5), ensuring uniform distribution of the material.
• The split-die frame (Figure 4.3., 5 and 6) was tapped to pre-pack the material and the initial
powder bed height was determined with calipers (SPI DigiMax, USA).
• The top punch (Figure 4.3., 4) was brought to its zero position, i.e. aligned as closely as
possible with the top edge of the split-die, the compaction method was loaded onto the computer
controlling the Instron® mechanical press and the pressing was launched.
• The compact formed was generally strongly adhered to the split-die bore, especially at high
compaction loads and in the case of the stress relaxation experiments. This made the opening of
the split-die and the extraction of the tablet without damage difficult: upon completion of the
compaction step, the split-die was removed from the platen and left flat on a worktop, after
removal of its clamping screw. This was intended to allow the tablet to relax and to lose some of
its adhesion to the die bore. It was then attempted to open the split-die. If this was unsuccessful,
the split-die was gently tapped on its section to loosen the tablet inside and further relaxation
time was allowed if necessary.
• Upon opening of the split die, three situations were encountered with regards to the state of the
final compact: In the best case, the tablet was whole but was adhered to- and wedged inside one
of the die bore halves. The compact was extracted by pushing its bottom face with the flat of a
spatula in a direction parallel to the die axis, as illustrated in Figure 4.4. In good conditions, this
resulted in a gradual tilt of the tablet until it was possible to gently grasp it and remove it from the
split-die bore. At worst, i.e. very strong adhesion of the compact to the die bore, the half of the
tablet protruding from the half-die was sheared off and had to be used for further
characterizations. The half of the compact remaining inside the die was chipped out. In the very
worst case, the tablet broke in half upon opening of the split-die, each piece remained wedged in






















Ch4: Current Materials and MethodsAs soon as the tablet was recovered from the split-die bore, it was weighed (RC210S, Sarto-
rius AG, now Sartorius Mechatronics UK Ltd, Surrey, UK) and its height and diameter measured
with a micrometer (External digital micrometer, RS Components Ltd, UK).
4.2.1.3.2. Traditional Die ‐ Split‐Die Equivalence
It must be noted that the traditional die and the split-die used have different diameters and thus
different powder bed sections. This leads to two important differences in the compaction condi-
tions: The surface of application of the compaction force [N] and thus the compaction stress
[MPa] will differ from one system to the other. With two different bore cross-sections, the height
for a given volume of material and thus the powder bed volume reduction sequence will be mod-
ified.
In order to be able to compare the compacts obtained from the two systems, equivalent com-
paction forces and powder bed heights or powder masses were determined for the split die,
under the assumption that the applied compaction stresses and the powder bed heights should
be equal for both dies: It is common knowledge that stress is equal to the force per unit area, as
depicted in Equation 4.1 for a circular cross section.
Consequently, the equivalent compaction force may be obtained as follows:
The powder bed height is obtained by dividing the powder volume by the die cross-section, as
expressed in Equation 4.3 for a circular cross section: 
This yields the following equation for the equivalent powder bed volume in the split-die:
The actual experimental conditions implemented in the case of the split-die compactions are
summarized in the following section.
4.2.1.4.  Strain  Rate  Sensitivity,  Stress  Relaxations  and  Compaction
Data Analysis
The compaction parameters, technical and practical, used in the strain rate and stress relax-
ation studies are summarized in Table 4.2. The physical quantities of interest in this work and the
calculations in which they are involved are listed in Table 4.3.
The ranges of compaction loads and velocities were chosen as close as possible to industrial




























Ch4: Current Materials and Methodspossible, in order to minimize energy expenditures during the tabletting process. The strain rates
were specified as close as possible to the maximum Instron® mechanical press crosshead
speed, without any danger of damage to the compaction jig. Unfortunately, due to the make of
the machine, it was not possible to reach even the lower end of the tabletting speed spectrum.
However, the compaction velocities spanned a wide interval of values, which allowed an easy
observation of the strain rate sensitivity phenomenon.
All physical quantities monitored continuously or measured punctually during and after com-
pactions are grouped in Table 4.3. In the latter are also listed the final indicators or parameters
used to characterize the compaction process, with the set of adequate equations connecting
them to the raw data. 
Table 4.2. Compaction Conditions for the Strain Rate Sensitivity and the Stress 
Relaxation Studies
It was chosen to start by highlighting the viscoelastic behavior of the materials considered here
through the strain rate sensitivity study, involving the Heckel Yield Stress (c.f. Chapter 2 Section
2.5.2.2.), the Kawakita a and b parameters (c.f. Chapter 2 Section 2.5.2.1.), the maximum stress
transmission coefficient (c.f. Section 3.1.1.2.), the works of compaction and decompression (c.f.
Chapter 2 Section 2.5.1.), the maximum ejection force (c.f. Chapter 2 Section 2.3.), the tablet
axial and diametral relaxations (c.f. Chapter 2 Section 2.5.3.), the compact mechanical strength
(c.f. Chapter 2 Section 2.6.1.) and surface topography (c.f. Chapter 2 Section 2.6.2.); the experi-




Powder Masses [g] 0.5, 0.4, 0.3, 0.2 0.63, 0.52, 0.38, 0.24 0.5, 0.4, 0.3, 0.2





Ejection Velocity [mm.min-1] 10 ‐ 10
[mm.s-1] 0.17 ‐ 0.17
Ejection Sampling Rate [ms] 36 ‐ 36























































































Later, the various excipients’ viscoelastic behavior was quantified in the stress relaxation stud-
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Ch4: Current Materials and MethodsAs indicated by the experimental conditions listed in Table 4.2., in parallel to these investiga-
tions, the effects of the compaction load and of the powder bed height or mass on the results
described above were observed, as these are two determining factors in the tabletting process
which are very likely to interfere or interact with the compaction velocity.
4.2.2. TABLET CHARACTERIZATION
4.2.2.1. Mechanical Testing: Tablet "Hardness"
Tablet mechanical characterization was carried out on an Autotest 4 Tablet Test System (AT4),
which is an automated, high throughput tablet tester manufactured by Dr Schleuniger Pharma-
tron AG, Solothurn, Switzerland. The use of this instrument was kindly made possible by Color-
con Ltd, Kent, UK.
Figure 4.5. Tablet Auto Test 4, Dr Schleuniger Pharmatron AG, Solothurn, Switzerland
(Dr Schleuniger Pharmatron, 2002 & 2007b)
 The AT4, illustrated in Figure 4.5., is equipped with a twelve magazine carousel feeder (1),
which may be loaded in advance with batches of tablets, thus allowing trials to go on continu-
ously. During a test, the specified batch of tablets (2) is first discharged from its magazine into the
1 Twelve Magazine Carousel Feeder 8 Tablet Spacing Slots
2 Tablet Batch in a Magazine 9 Weighing Platform
3 Tablet 10 Tablet Spacing Slot
4 Vibratory Bowl 11 Height Gauge
5 Linear Feeder/Ramp 12 Diameter Gauge and Hardness Tester
6 Tablet Detector 13 Trap to Tested Tablet Reservoir






















Ch4: Current Materials and Methodsvibratory bowl (4). The compacts are separated, brought to the correct position ("flat" face down)
and conveyed up the spiral ramps, to the linear feeder (5) via vibration. As the compacts slide
towards the measuring station (7 to 12) along the linear transport ramp (5), three detectors (6)
ensure that their flow is fluid.
The measuring station consists of seven slots, along which the tablets are pushed by the chan-
nel transport rake (7) through an anti-clockwise elliptical rotary movement: The three first slots
(8) serve as spacers, separating close or agglomerated compacts and ensuring that only one
tablet is measured at a time at the relevant stations. 
The fourth channel (9) contains a balance (built-in Mettler scale standard AG 104) giving the
compact mass and the fifth slot (10) is another tablet spacer. In the sixth channel (11) a mechan-
ical arm fitted with a calibrated linear potentiometer allows the determination of the tablet height.
In the seventh slot (12) the compact diameter and hardness are determined by a caliper-shaped
gauge connected to a stepping motor (diameter) containing a pressure sensor with a wire strain
gauge (hardness). When the test is finished, the considered compact is pushed by the transport
rake into a trap (13) leading to the tested tablets reservoir (14) at the front of the machine.
The AT4 is connected to the COM port of a computer through an RS232 cable and controlled
through the proprietary software PH21(Dr Schleuniger Pharmatron AG, Solothurn, Switzerland).
Tablet testing methods may be set-up with adjustable tolerances on the compact mass, height,
diameter and hardness values, in order to further avoid measurement bias due to tablet aggrega-
tion, fracture or improper placement.
Batches consisted of three tablets each, as this corresponded to the number of repetitions cho-
sen for the relevant compactions and would allow a direct evaluation of tablet average properties
for the different sets of pressing conditions considered. All runs were performed at a temperature
of 20ºC and a relative humidity of 50%.
The physical quantity of interest here was the tablet hardness: As mentioned previously (c.f.
Chapter 2 Section 2.6.1.), the use of the word "hardness" is improper. It may be deduced from
the mechanical testing method that the tablet diametral crushing strength is actually evaluated.
The compact hardness is given in kilopond, which is a rather obsolete and counter-intuitive unit.
The latter corresponds to approximately ten Newtons. As the mechanical testing was meant for
comparative purposes, rather than an accurate evaluation of tablet strength, it was chosen to
leave the data as expressed in its original unit.
4.2.2.2. Surface Roughness: Laser Profilometry
4.2.2.2.1. Physical Principles of the Method and Apparatus
The laser profilometer apparatus is illustrated and a diagram explaining the physical principles
of the roughness measurement is given in Figure 4.6.
A narrow beam (1-2 μm) of near-infrared light was emitted, orthogonal to the test sample
(Figure 4.6., 11) by a low-powered semi-conductor laser stylus LS10 (λ = 780nm Rodenstock;
Figure 4.6., 1) housing an optical set-up (Figure 4.6., 2 to 6), mounted on a linear translationPage 87
Ch4: Current Materials and Methodsstage driven by a stepper motor (Photon Control; Figure 4.6., 12) allowing to adjust its vertical
position [z] and connected to an RM600 Sensor Interface (Rodenstock; Figure 4.6., 13) contain-
ing the control loop electronics (Figure 4.6., 7 and 8) enabling the laser to lock onto its target with
an adequate reflected bean amplitude for the obtention of reliable data within the specified sens-
ing range. The oscilloscope (Iso-Tech ISR622 Dual Channel Oscilloscope; Figure 4.6., 14), con-
nected to the RM600 Sensor Interface, gave a more accurate reading of- and allowed a precise
adjustment of the reflected light amplitude level by tweaking the laser height [z]. The optical
beam was focussed on the specimen surface (11) by an adjustable objective lens (4). The por-
tion of light reflected by the object surface was guided by a beam-splitter (3) through a prism (6),




When the objective lens (4) was exactly at its focal distance from the sample surface, both
diodes (7) were illuminated equally. If the objective lens was brought out of focus, most likely by
a surface asperity, the illumination of the photodiodes became unequal. This generated a focus
error signal by means of a differential amplifier (8) which activated the re-adjustment of the laser
stylus’ vertical position [z] by a displacement controller (9), until focus was restored. Simultane-
ously, the new vertical coordinate [z] of the stylus was read by a displacement transducer (10)
and stored with the corresponding [x] and [y] coordinates on the sample surface. This measure-
1 Near‐infrared Semi‐Conductor Laser 8 Differential Amplifier
2 Collimating Lens 9 Computer (System Control and Monitoring)
3 Beam Splitter 10 Displacement Transducer
4 Adjustable Objective Lens 11 Sample Base
5 Adjustable Objective Lens 12 x, y, z Displacement Stages with Motors
6 Beam Divider Prism 13 (Laser) Sensor Interface



























Ch4: Current Materials and Methodsment process took place at every sampling point [x, y] of the specimen surface (11), as it moved
beneath the laser stylus, under the action of two other translation stages (Photon Control;
Figure 4.6., 12) driven by stepper motors (Photon Control; Figure 4.6., 12). The system was con-
trolled, scan dimensions, speeds and sampling intervals specified and height values monitored
by a computer (Figure 4.6., 9) via the software WinSPI 1.16 (UMACE) and through four cards:
Two governed the stepper motors (Oregon Micro Systems PCX2E Intelligent Motor Controller for
the [y] and [z] motion; Parker Digiplan PC21 Stepper Motor Indexer for the [x] motion) and the
third served the purpose of data acquisition (NI LPM 16 12-bit Analog-Digital Converter). In addi-
tion, the [y] translation stage was fitted with an optical linear encoder (Heidenhain-Metro MT60
Linear Encoder), which was connected to the PC via a linear-rotary selection encoder unit. More
details about the different elements of this apparatus may be found in Appendix 2.
The laser stylus possesses three vertical operating ranges (z) of surface height sensing, i.e.
±300 μm, ±30 μm and ±3 μm with spatial resolutions of ±150 nm, ±15 nm and ±1.5 nm respec-
tively. Due to the nature of pharmaceutical tablet surface roughness, a sensitivity range of ±300
μm was chosen. Lateral displacements (x and y) of the samples during scans were implemented
and monitored to an accuracy of 0.5 μm. All profiles were measured at a temperature of 20ºC
and a relative humidity of 50%.
4.2.2.2.2. Laser Profilometry Protocol and Calculations
• The tablets were mounted on the test specimen stage, balanced on their circumference for
scans of their height, or stood on their bottom or top faces for scans of the opposite one and
secured, in order to prevent any spurious movement during the scanning period.
• The laser stylus initial position along all three coordinates was set by focussing it and centering
it on the tablet surface desired: At the start of each scan, the laser needed to be locked onto the
specimen surface, which meant ensuring that the reflected beam amplitude was sufficient to
obtain a reliable roughness measurement. This was carried out by tweaking the stylus vertical
position in order to bring it to its focal point and ascertain that the asperity measurement could
take place within the specified sensing range (±300 μm). This corresponded to an optimal
reflected beam amplitude, which was validated by the RM600 Sensor Interface (Rodenstock),
and the value of which could be read on the oscilloscope screen (Iso-Tech ISR622 Dual Channel
Oscilloscope).
• The laser was centered on the chosen sample area in the [x] and [y] directions, as this
corresponded to the scan origin in the computer-defined experimental method.
• The scan parameters were set on the computer, using WinSPI 1.16 (UCMA) and the scan
launched and left to proceed.
The details of the different types of scans conducted are grouped in Table 4.4. Due to time con-
straints, it was chosen to conduct appropriately positioned and specified line scans, rather than
three-dimensional ones, able to yield enough roughness information about each tablet to enable
comparisons between the effects of different sets of compaction conditions, mainly on the statePage 89
Ch4: Current Materials and Methodsof the compact circumferential area. Eventually, it was also possible to assess the topography of
the top and bottom faces of a few chosen specimens. All scan lengths were selected to be larger
than the corresponding tablet dimension, in order to cover the entire height or diameter, including
the edges, as illustrated in Figure 4.7.
Table 4.4. Scan Settings Employed for Various Tablet Surfaces
The movement of the laser beam along the tablet surface for each type of scan is schematized
in Figure 4.7. All scans consisted of three equally spaced lines, outlining the sample area, which
were centered on a tablet diametral plane, along which surface height data was recorded every
2-3 μm. Preliminary scans showed that roughness profiles were fairly repeatable within narrow
spatial intervals (~ 0.5 μm separation), so the spacing of the three scan lines, also known as the
[x] axis step size, was chosen in the wider range of 50 or 200 μm, as indicated in Table 4.4., in
order to obtain roughness data for larger sampling areas. In the case of tablet height scans, the
sampling area width was limited by the curvature of the tablet: One was required to assess how
far it was possible to scan from the tablet diametral plane without a penalizing signal extinction
due to the increasing vertical distance between the compact surface and the laser tip. All transla-
tion stage velocities were selected to minimize the time required for scans without compromising












x 100 3 50 10
y 8000 4001 2 150
z ‐ ‐ ‐ 500
Line Scan of Tablet Height ‐ 0.5g Tablets (Medium Thickness)
x 100 3 50 10
y 6000 3001 2 150
z ‐ ‐ ‐ 500
Line Scan of Tablet Height ‐ 0.2g Tablets (Thin)
x 100 3 50 10
y 4000 2001 2 150
z ‐ ‐ ‐ 500
Line Scan of Tablet Flat Faces (Top & Bottom)
x 200 5 50 10
y 12000 4001 3 200
z ‐ ‐ ‐ 500Page 90
Ch4: Current Materials and MethodsFigure 4.7. Morphologies of the Scans Employed on Different Tablet Surfaces
As was mentioned previously, due to time constraints, the batch of tablets profiled had to be
reduced in size: The compaction conditions selected for the tablet surface roughness study are
summarized in Table 4.5.
Table 4.5. Compaction Conditions Selected for the Tablet Surface Roughness Study
The data obtained from the laser profilometer served to plot two-dimensional profiles and to
calculate the two roughness parameters described previously (c.f. Chapter 2 Section 2.6.2..)
after normalization of the profiles with respect to their reference lines obtained from adequate lin-




Powder Masses [g] 0.5, 0.2 0.63, 0.24 0.5, 0.2





Ejection Velocity [mm.min-1] 10 ‐ 10
[mm.s-1] 0.17 ‐ 0.17
Ejection Sampling Rate [ms] 36 ‐ 36
Relaxation Time [min] ‐ ‐ 20
Repetitions 3
Lab Conditions Average temperature 23°C and Relative Humidity 42%






































The density of an object is given by its mass divided by its volume. Mass is simply determined
by weighing, however, true volume measurement is a more complex procedure. A bed of powder
possesses various types of microscopic defects, such as surface asperities or roughness, open
pores and interparticulate voids, which must be accounted for in a volume determination.
Pycnometry is a solid volume determination method, which is based on fluid (liquid or gas) dis-
placement. The sample is immersed into a known volume of an appropriately chosen fluid, which
should penetrate any open pores and wrap any surface asperities. The resulting system is left to
equilibrate and the final fluid volume is monitored. The solid volume is obtained by the difference
between the initial and final values. A gas pycnometer operates by detecting the pressure
change resulting from the displacement of a volume of gas by a solid object, as illustrated in
Figure 4.8.
An object of unknown volume VX is placed into a sealed sample chamber of known volume VS.
After sealing, the gas pressure within the sample chamber pS is measured. Then, an isolated ref-
erence chamber of known volume VR is charged to a pressure pR, which is greater than that of
the sample chamber. A valve isolating the two chambers is opened and the pressure of the sys-
tem is allowed to equilibrate to a value pE. Assuming that the system is maintained at a constant
temperature T and that there is no net loss or gain of gas, that is, that the number of moles of gas
molecules N is constant throughout the experiment, the perfect gas law, p·V = N·R·T is applied to
determine the volume VX of the unknown as shown in Figure 4.8. (Accupyc, 1992; Webb, 2001).
Helium is the gas typically used for powder true volume measurement because it readily dif-
fuses into small pores. Other gases also are used and selected based on the size of the mole-
cule or the way in which the gas reacts with the surface of the unknown sample.
The accuracy and precision of the gas pycnometer in the determination of true volume and
density can be quite high, but relies greatly on the sample material and analysis gas being free of
























































Unknown  Volume  (of  the  Solid  Sample,  Helium
Pycnometry) m
3
Ch4: Current Materials and Methodspartial pressures and cause error and instability. For these reasons, the gas is a pure gas or dry
air, and the sample is pretreated in a vacuum oven to remove volatiles. The contribution of the





True density measurements for each powder were carried out with an Accupyc 1330 Pycnom-
eter (Micromeritics Instrument Corp, Norcross, GA, U.S.A):
• Helium pressure was set to 20 psi
• Instrument was zeroed, with the sample cup empty
• The powder was weighed in the sample cup (RC210S, Sartorius AG, now Sartorius
Mechatronics UK Ltd, Surrey, UK), filled to half of its height for best results
• Measurement settings were set to the following: Number of purges: 5, Purge fill pressure: 19.5
psig, Number of runs: 10, Run fill pressure: 19.5 psig, Equilibration rate: 0.0500 psig/min
• The sample mass was entered into the Accupyc 1330 memory and the analysis started
















pE VS VX– VR+( )⋅ N R T⋅ ⋅=
VX




As the laboratory did not contain any environmental control facilities, the ambient temperature
and relative humidity were continuously monitored with two Thermometer-Hygrometers (Thermo
Fisher Scientific Inc, Dublin, Ireland and Oregon Scientific Ltd, Berkshire, UK)
All experiments were conducted at temperatures ranging from 16.3ºC to 26.6ºC (Average
Value 22 ± 2ºC) and relative humidities falling between 23.6% and 73.2% (Average Value 42 ±
8%).
4.3. CONCLUDING REMARKS
In this Chapter are detailed all experimental aspects of this study:
The physical properties of the four pharmaceutical excipients of interest Starch 1500®, Starcap
1500®, LHPC LH-11 and LHPC LH-B1 are briefly presented.
The compaction jig used in the main part of this work and the split-die setup used to produce
unejected tablets are described and experimental protocols are specified for implementation of
the strain rate sensitivity and stress relaxation studies. Also, the principles of gas pycnometry
yielding the powder true density are explained. All calculations are detailed by supplying a table
of equations connecting the experimental indicators of interest to the specific quantities mea-
sured. The latter are the Global Work of Compaction (WC), the work of elastic deformation (WE)
and the work of plastic deformation (WP) obtained from the compaction energy balance, the
Heckel Yield Stress (σyH) and the Kawakita constants (a and b) yielded from the corresponding
densification plots, the axial (AER) and diametral (DER) elastic relaxations obtained from the
final tablet height, the maximum stress transmission coefficient (STCM), the stress relaxation
parameters consisting of the initial (SRR0), final (SRRF) and average (SRRAv) stress relaxation
rates, as well as the proportion of stress lost during relaxation (ΔPM), derived from the stress
relaxation curve, and the maximum ejection force.
The automatic tablet tester and its running procedure, providing a measure of the tablet hard-
ness are described.
The laser profilometry apparatus as well as the procedure followed for the recording of surface
profiles are described. The latter yield a straightforward image of the tablet shape and the data
manipulations and calculations required for the determination of the average (Ra) and square
root average (Rq) surface roughnesses are detailed.




LHPC  LH‐11  and  LHPC  LH‐B1,  the  discussion  is  structured  around  the  major  physical  phenomena
involved in the formation of a compact, its decompression and its ejection. This allows a general reflec‐
tion on compaction mechanisms, as well as the comparison of the four excipients.




view of all physical phenomena  involved  in the formation of a compact, but only a  limited source of
information with regards to the investigation of the compaction behavior of the four powders of inter‐



















The experimental study devised in this work is intended as a thorough practical characteriza-
tion of and a comparison between the compaction behaviors, with emphasis on the deformation
kinetics and the resulting self-lubrication properties, of the pharmaceutical powders Starch
1500®, Starcap 1500®, LHPC LH-11 and LHPC LH-B1.
This investigation is divided into two main parts: Firstly, the time-dependent deformation of the
different excipients is evidenced through an exhaustive general strain rate sensitivity study, i.e.,
an observation of the effect of the compaction velocity on a wide range of indicators, representa-
tive of the different types of physical phenomena occurring during the formation of a coherent
compact by powder pressing and its ejection from the die. These are listed in Figure 5.1.
Secondly, the viscoelastic behavior of the materials considered is quantified by the calculation
of their plastic deformation rates and other auxiliary physical quantities of interest, also detailed
in Figure 5.1., obtained from the stress relaxation experiments.
Throughout this study, in addition to the effect of the compaction velocity, the influence of the
compaction load and of the amount of excipient compressed on the set of experimental indica-
tors presented in Figure 5.1. are taken into consideration, as these three operational variables lie
at the core of the tabletting process; i.e. they define it.
Finally, the practical point of this work is to provide an experimental study or a battery of tests,
capable of efficiently characterizing the tabletting behavior of any chosen pharmaceutical pow-
der. This would constitute a step towards the design of tablet formulations based on the proper-
ties of the constitutive materials, as well as the optimization of production processes.
Consequently, the adequacy and the possible limitations of each experimental indicator analyzed
are discussed as well.
5.1.2. INITIAL SHORTCOMINGS
5.1.2.1. The Strain Rate‐Induced Compaction Load Overshoot
Unfortunately, an interaction was observed early between our three process parameters. In
practice, due to the Instron® 5581 mechanical press build and to the non-ideality of the system
studied, and as illustrated in , the final compaction load increases with the strain rate and with a
decrease in the excipient mass.
The reasons for this phenomenon are the following: in the implementation of a saw-tooth dis-
placement profile, the mechanical press accelerates its crosshead to reach the constant velocity
chosen to compress the powder bed. The maximum load specified by the operator is used by the
materials testing machine as a trigger to stop the crosshead movement before reversing its




Due to the ballscrew motion control system of the Instron® 5581 Universal Materials Testing
Machine and to the inertia of its crosshead, at high strain rates, the latter cannot be stopped
abruptly and accurately upon detection of the chosen compaction stress. Consequently, the top
punch overshoots its adequate final vertical position, i.e. it descends further into the die than it
should. This results in a higher final value of the tabletting load than that specified. This is illus-
trated in Figure 5.3.
 shows that this strain rate-induced overshoot of the maximum compaction force defined
increases with the latter and with a decrease in the powder mass. This is due to longer displace-
ment distances of- and to a reduced resistance to the downward movement of the top punch into
the die. These allow the crosshead to gather additional momentum, which makes halting it at an
accurate position all the more difficult.
The effect of the specified applied load is clearly more substantial than that of the amount of
material, which is understandable, since the pressing process is driven by the compaction stress.
As an operational variable, the latter is designed to incur minimal obstruction from the system it is
applied to, i.e the powder bed.
Axial Elasc Relaxaon (AER)
Diametral Elasc Relaxaon (DER)
Elasc Deformaon Work (WE)
Plasc Deformaon Work (WP)
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In order to reach a clear and reliable interpretation of the experimental data, an attempt was
made to separate the respective influences of the three process parameters by considering the
effects of the compaction load and of the mass of powder on our set of indicators at constant
compaction velocity before analyzing the strain rate sensitivity data. The constant compaction
velocity measurements were retrieved from the compaction portion of the stress relaxation
experiments. Consequently, and in order to allow a comparison between the four materials inves-
tigated, in this discussion, the plots will systematically be presented in the order depicted in
Table 5.1.
One last item must be borne in mind here: due to the fact that the constant compaction velocity
data originates from the stress relaxation study, it is important to know which phase of the exper-
iment the indicator analyzed belongs to, as illustrated in Figure 5.4. The reason for this is that all
physical quantities determined during or after the ejection step (Axial Elastic Relaxation, Diame-
tral Elastic Relaxation, Maximum Ejection Force, Tablet Hardness and Tablet Surface Topogra-
phy) are affected by the relaxation time, i.e. by the fact that holding the powder bed at a constant
strain and letting plastic flow carry on for a given amount of time will bring about changes in the
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b. Strain Rate Sensitivity Study: 0.17, 1, 1.67, 6.67, 10 mm.s‐1
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All the additional factors detailed in this section will be taken into account in the discussion, for
a reliable interpretation of the experimental data.
All additional plots and derivations used to build this dissertation are compiled in Appendix 3.




The global aim of this research project was to investigate the compaction behaviors of the
pharmaceutical excipients Starch 1500®, Starcap 1500®, LHPC LH-11 and LHPC LH-B1, with
an emphasis on their viscoelastic properties. Moreover, a comparison is sought between the four
powders. Consequently, the structure of this discussion follows the major phenomenological
steps of the tabletting process, with analyses of the relevant experimental indicators, as
described in Figure 5.1.
The discussion begins with the observation of the compaction stage from a purely energetic
point of view, i.e., through the Global Work of Compaction, illustrated in Figure 5.5. and in
Figure 5.6. The latter represents the mechanical energy necessary to cause the maximum vol-
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Ch5: Results & Discussion I: Elastic Deformationume reduction of the powder bed and the formation of interparticulate bonds under load. The
Global Work of Compaction encompasses particle rearrangement, negligible fragmentation here,
due to the polymeric nature of the excipients considered, and especially elastic followed by plas-
tic deformation, as well as the energy required to overcome friction between particles and at the
die wall.
The application of a compressive stress to a mass of particulate material, in order to form a
coherent tablet, is equivalent to supplying a finite amount of mechanical energy or work to the
punch-excipient-die system. The mechanical work corresponding to a given compaction force is
obtained by multiplying the latter by the total displacement of the top punch into the die, under




Most physical processes occurring in the powder bed under the influence of the compaction
load require various energy barriers to be crossed: The powder particles necessitate a provision
of kinetic energy in order to move to new positions during the rearrangement phase. Most impor-
tantly, chemical energy is needed to break, stretch or contract molecular or atomic bonds during
the deformation of the excipient particles. In particular, deformation results from successive





























Ch5: Results & Discussion I: Elastic Deformationpressive stress, thus allowing the solid lattice shape to be modified reversibly or further, perma-
nently.
    
Figure 5.6. Energetics of the Compaction Process (from 2.5.1.: The Compaction Curve)
WP: Work of Plastic Deformation, WE: Work of Elastic Deformation, WC: Global Work of Compaction
More precisely, as explained previously, the Global Work of Compaction (WC) corresponds to
area ABC, defined by the experimental compaction curve, which represents the increase of the
compressive force to its maximum value (from A to B) as the top punch descends into the die,
and overcomes the resistance of the powder bed. This mechanical work is mainly distributed
between the two main processes of elastic and plastic deformation (WE and WP), which will be
discussed later, and, as the system is not ideal, some energy is lost as heat, due to friction
between the powder particles themselves and at the die wall.
The greater the volume or mass of powder undergoing deformation, the greater the number of
structural elements to be reorganized, i.e., the greater the count of bonds to be ruptured, elon-
gated, or shortened, and thus the greater the amount of mechanical energy required by the sys-
tem.The previous reasoning is supported by Figure 5.5. which shows that WC increases with the
excipient mass, or, in other words, that energy and work are extensive physical quantities. 
Figure 5.5. also displays that the Global Work of Compaction increases with the applied load.
This is understandable from a mathematical point of view, since the compaction force corre-
sponds to the peak value in the compaction curve, thus causing it, as well as the top punch pen-
etration into the die, to augment. Logically, this results in the enhancement of area ABC
(Figure 5.6.), which is defined as WC.
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Ch5: Results & Discussion I: Elastic DeformationFrom a physical perspective, the powder bed may be considered as a statistical distribution of
particles, the environmental conditions of which are determined by their respective locations.
During the tabletting process, different particles undergo the same sequences of physical phe-
nomena at different times or velocities. The application of the compaction load to the powder bed
generates mechanical disequilibrium, i.e., a relatively unstable state of high internal energy. More
precisely, the compressive stress is transmitted through point contacts between the particles,
which result in local stress maxima, or, globally, a stress distribution or a set of stress gradients
throughout the powder bed.
The system's response to this stimulus, in order to return to a stable low internal energy situa-
tion and restore mechanical balance, is deformation, also known as the yielding under compres-
sion of the chemical bonds holding the excipients’s structural atoms in place. In summary, the
compaction load is a driving force for the phenomenon of deformation, regardless of its specific
nature, i.e. the deflection of the material, by consuming the mechanical energy supply and
increasing the interparticulate contact area, evens out the stress gradients present in the powder
bed. It is understandable that the intensity of these events, summarized in the Global Work of
Compaction, increases with the compaction load, as observed in Figure 5.5.
Figure 5.7. Average Values of the Global Work of Compaction (WC)
The types of deformation, i.e. elastic or plastic, and their extent are determined mainly by the
nature of the excipient compressed: every solid has an elastic limit, which determines how far it
may deform elastically before plastic flow takes over. On a microscopic scale, a mechanical




























Ch5: Results & Discussion I: Elastic Deformationaltered. In most successful cases, the elastic limit of the powder is overcome and, in line with the
above description, the amount of plastic flow increases with the compaction load.
The four powders of interest may be placed in the following order according to their increasing
average WC values (c.f. Figure 5.7.): LHPC LH-B1 < Starch 1500® ≤ LHPC LH-11 < Starcap
1500®. Unfortunately, the Global Work of Compaction does not allow to discriminate between
the specific physical phenomena involved in the compaction process. Consequently, the latter
classification is difficult to explain as such. The relative closeness of the WC values (within 20%
of the total scale) indicates that due to their common polymeric natures the four excipients may
exhibit similar degrees of plasticity. However, the latter are balanced by the elasticity of the mate-
rials, which determines the quality of the final compact.
Only limited conclusions may be drawn from the Global Work of Compaction data, without a
more specific characterization of the material properties of Starch 1500®, Starcap 1500®, LHPC
LH-11 and LHPC LH-11. The latter begins now with the an investigation of the elastic deforma-
tion behavior of these powders.
5.3.  ELASTIC  DEFORMATION:  AXIAL  (AER),  DIAMETRAL  (DER)
AND WORK (WE)
Elastic deformation results in the first major type of alteration, albeit reversible, of the powder
particles, during the formation of a coherent compact through the pressing of a powder bed. It is
the first step into the modification of the excipient's mechanical structure itself, i.e. the transition
from a bed of particles to a particulate solid.
Figure 5.8. Reminder of the Physical Descriptions of the Axial (AER) and Diametral 
(DER) Elastic Relaxations
The axial (AER) and diametral (DER) elastic relaxations are defined in the frame of this work
as the total increase in tablet height and diameter, respectively, during the unloading and ejection
phases of the tabletting process (c.f. Figure 5.8.). These two phenomena stem from the revers-
ibility of elastic deformation, which takes place in the powder bed upon application of the com-
Axial Elastic Relaxation (AER) Diametral Elastic Relaxation (DER)Page 106
Ch5: Results & Discussion I: Elastic Deformationpaction load. Upon removal of the pressing force, the excipient particles making up the final
compact attempt to regain a part or the whole of their original shape and size, hence the volumet-
ric expansion observed. The AER and the DER should provide an indication of the cohesion of
the ejected tablet, through the extent of damage to interparticulate bonds, since the latter are
stretched, weakened and possibly ruptured by the phenomenon of elastic recovery.
5.3.1. THE RELATIONSHIP  BETWEEN  THE AXIAL  (AER) AND DIAMETRAL
(DER) ELASTIC RELAXATIONS
From Figure 5.9. and Figure 5.10. (c.f. Appendix 3 Section A3.1.1. and Section A3.1.2.), it
appears that for all excipients considered, the AER globally increases with the compaction load
and velocity, and with a decrease in the powder mass, while the DER displays a generally oppo-
site trend. Also, the AER is consistently greater than the DER; on average by a factor of 55 (c.f.
Figure 5.11.). These observations are explained as follows:
The variations of these two quantities are inverse of each other because they derive from solid
spatial dimensions lying in planes orthogonal to each other and they are connected by the finite
tablet volume and the law of mass conservation: In short, it is common knowledge that a solid
sample elongating under tension displays a reduction in its cross-section, whereas a substrate
shortening under compression tends to barrel out via radial expansion. From a rigorous mathe-
matical point of view, the AER varies roughly as the squared inverse of the DER, according to
Equation 5.1 and to Equation 5.2, the derivation of which is detailed in Appendix 3 Section
A3.1.3. These two equations stem from the fact that the AER and the DER are geometrical com-
ponents of the tablet Volumetric Elastic Relaxation (VER), which is defined as the total increase
in the compact volume during the unloading and ejection phases of the tabletting process.
From Figure 5.12., it seems that Equation 5.2 is inadequate for the experimental data retrieved
in this work. Fits of the data with an expression of the form of Equation 5.3 have given poor
results, nevertheless, there seems to be a weak correlation between the AER and the DER.
There are a few reasons for this. Firstly, porous solids, i.e. powder compacts are considered
here, instead of continuous solid samples. The relative dimensional variations of the former may
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Ch5: Results & Discussion I: Elastic Deformationulate voids, acting as dampers to the continuous shape recovery of the final tablet. More pre-
cisely, certain particles may recover elastically, within the compact, in the empty space
surrounding them, but the resulting dimensional expansion may only be partially transmitted to
the bulk of the tablet, or not at all.
Secondly, the diametral elastic relaxation of the compacts could not be measured as accurately
as may have been desired, due to its inherently low values. Consequently, the error in a chosen
correlation between the AER and the DER would be high. In conclusion, it seems reasonable to
say that a relationship exists between the AER and the DER, the exact nature of which cannot be
reliably determined here, but which may be estimated on a preliminary basis as an inverse one.
The relative magnitudes of the AER and of the DER may be justified in the following manner:
Firstly, the compaction of the powder bed and thus the reversible elastic deformation of the sys-
tem takes place in the axial direction. Consequently, according to Newton’s third law, which
states that to every action there is an equal and opposite reaction, it is understandable that upon
removal of the load, the final compact would preferentially expand along its axis. Secondly, upon
unloading of the formed tablet, the powder particles seek to retrieve their original shapes and
thereby release the finite amount of recoverable elastic energy previously stored during the com-
pression phase. On a macroscopic scale, this is implemented through the volumetric expansion
of the tablet, or, more precisely, due to the inherent organization of the tabletting process,
through the consecutive phenomena of axial and diametral elastic relaxation.The AER takes
place first, mainly during the compact unloading phase and during the part of the ejection phase
when the tablet is still inside the die. This timing of events allows the AER to occur extensively,
thus releasing the major part of the system’s elastic energy, since the decompression phase is
the point of maximum mechanical disequilibrium in the final compact, and corresponds to the
maximum elastic relaxation driving force, which is depleted over time. During the axial elastic
relaxation of the tablet, a minor part of the elastic energy is dissipated by friction at the die wall.
Also, as explained above, the axial expansion of the compact causes a decrease in its own
cross-section, thus already limiting its own future diametral recovery. The modest remainder of
recoverable elastic energy is automatically liberated via limited diametral expansion, which





Starch 1500® 5 64 0.5g
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The elastic deformation work results, presented in Figure 5.13., bring a preliminary explanation
of the global Work of Compaction values, as well as a clarification of the underlying mechanisms
of deformation phenomena. WE globally increases with the compaction load, thus confirming, as
described in Section 5.2., that the latter is a driving force for deformation. More precisely, through
compression, mechanical work is injected into the powder bed, a fixed portion of which, deter-
mined by the nature of the material processed and specifically its elastic limit, is stored as recov-
erable elastic energy. The greater the compaction load, the greater the accumulation of elastic
deformation energy in the powder bed, i.e. the greater the number of particles reversibly
deformed. Moreover, in the case where the material’s plastic flow limit has been attained, the tab-
let itself may deform elastically under the maximum compressive force applied, adding to the
already existing reserves of recoverable elastic energy.
The elastic deformation work seems to be only slightly affected by the powder mass. Through
compression, mechanical work is injected into the powder bed, a fixed portion of which, deter-
mined by the nature of the excipient processed and specifically, its elastic limit, is stored as
recoverable elastic energy. Given that elastic deformation only takes place at very small strains,
it is imaginable that only a minor fraction of the compaction work is necessary to cause the full




































































Ch5: Results & Discussion I: Elastic DeformationA closer observation of the elastic deformation work with respect to the amount of excipient
indicates the following: The trends displayed are completely governed by the nature of the mate-
rial: Starcap 1500®, LHPC LH-11, LHPC LH-B1 display extremely low elastic deformation works,
which decrease with the powder mass increase. Conversely, Starch 1500® is highly elastic and
its WE slightly increases with the amount of material. In spite of appearances, these trends
remain a result of the dampening effect of the powder mass on deformation, regulated by the
elastic modulus of the material.
 If the powder beds are considered as springs, Starcap 1500®, LHPC LH-11 and LHP LH-B1
have low spring constants causing them to take in little elastic energy and to recover slowly upon
unloading, while Starch 1500® has an elevated spring constant which results in a rapid satura-
tion of its deformation capacity and in a quick and intense axial expansion upon removal of the
pressing stress. This impacts the experimental recording, at a given constant velocity, of the
decompression segment of the compaction curve used to calculate WE (c.f. Figure 5.6.), as illus-




 Upon decompression, Starcap 1500®, LHPC LH-11 and LHPC LH-B1 compacts tend to
recover more slowly than the top punch is withdrawn from the die, this effect being accentuated



























Ch5: Results & Discussion I: Elastic Deformationis that the top of the tablet may not be in proper contact with the top punch during its retreat back
to its initial station. Consequently, for a given vertical position, a lower recording of the applied
load than its true value is obtained. The result of this phenomenon, illustrated in Figure 5.14.
(blue curve), is an apparent decrease in the area under the decompression curve and thus in the
measured elastic deformation work.
Figure 5.14. Schematic Representation of the Effect of Measurement Errors on the 
Determination of the Elastic Deformation Work (WE); (P is the Compaction Load)
Conversely, during unloading, Starch 1500® compacts expand more quickly than the top punch
can be removed from the die. The latter phenomenon is enhanced by lower powder masses, the
elastic deformation capacities of which are likely to be saturated, which could lead to an over-
compression of the final tablet. Consequently, the recovering compact presses against the face
of the retreating top punch and causes a higher value of the pressing stress than it is in reality to
be read, for a given vertical position. The consequence of this phenomenon, illustrated in
Figure 5.14. (orange curve), is an apparent increase in the area under the decompression curve
and thus in the measured elastic deformation work.
In summary, WE follows the basic physical principles of compaction load driven and material
mass-limited deformation, however, the effects of the respective elastic moduli of the excipients
and of the experimental conditions chosen obscure the observation of this behavior. On the one
hand, due to the lower elastic energy storage capacity of the powders, upon unloading, Starcap
1500®, LHPC LH-11 and LHPC LH-B1 tablets, recover axially in a slow, controlled manner. On
the other hand, Starch 1500® is capable of storing a higher amount of elastic energy, which is
released through a violent and excessive axial expansion of the compact during decompression.












The compact elasc axial expansion is quicker than the 
top punch removal  The tablet is pressing against the 
retreang top punch
PMeasured > PReal       WE(Measured) > WE (Real) (area under the curve)
The compact elasc axial expansion is slower than the
top punch removal  The Tablet is not in proper contact
 with the  retreang top punch
PMeasured < PReal       WE(Measured) < WE (Real) (area under the curve)
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Ch5: Results & Discussion I: Elastic DeformationThese results are seconded by the augmentation of the axial elastic relaxation with the com-
paction load and with a decrease in the powder mass, presented in Figure 5.9. 
5.3.3. VARIATIONS OF THE AXIAL (AER) AND DIAMETRAL (DER) ELASTIC
RELAXATIONS WITH THE COMPACTION VELOCITY
The interpretation of the effect of the compaction velocity on the AER and the DER is not trivial
(c.f. Figure 5.9. and Figure 5.10.). All the AER strain rate sensitivity plots display a local extre-
mum (maximum or minimum) located at the central point of the compaction velocity range. At
constant loads, the AER exhibits a decay followed by an increase at the highest strain rates, with
a clear separation and ordering of the curves according the corresponding masses of excipient.
In the constant powder mass graphs, the trends observed are more intricate: at low compaction
loads, the AER initially augments or remains constant, then globally decreases or tends towards
a constant value. At greater pressing stresses, the data adopt the same form as that observed in
the constant compaction loads plots. This trend transition according to the compaction load is
dampened as the amount of material increases. In other words, the AER variations become
more homogeneous at higher powder masses. The DER globally declines or displays a monoto-
nous value, within error, as the compaction velocity increases.
The increase in the AER with the compaction velocity is only apparent. It is due to the strain
rate-induced overshoot of the compaction load, detailed in Section 5.1.2., which adds to the elas-
tic deformation driving force. The first indicator is the fact that the AER values obtained from the
stress relaxation experiments are on average three time larger than those obtained from the
strain rate sensitivity study. In the case of the DER, the opposite trend is observed: The values
obtained from the strain rate sensitivity study are on average twice those obtained from the
stress relaxation study (c.f. Figure 5.11.), which is in line with the inverse relationship observed
between the two dimensional expansions.
The AER and DER are a measure of the compact dimensional expansions during the unload-
ing and ejection processes. The latter consequently include a plastic deformation component,
since the latter phenomenon is known to take place over time, even after the final tablet has been
ejected, due to the presence of residual internal stress gradients. Elastic deformation is not
known as a time-dependent phenomenon, consequently, plastic flow could, in part, explain the
strain rate sensitivity behavior displayed by the AER and DER. However, elastic recovery is an
energy release phenomenon opposing the compressive action of the compaction stress in order
to restore the original shape of the powder particles, while plastic flow leads the material to com-
ply with the constraint imposed upon it by adopting the final tablet shape. Consequently, elastic
deformation seems to remain the major component of the AER and DER. The strain rate sensi-
tivity of the axial and diametral elastic relaxations could be explained by an interaction between
elastically and plastically deforming particles, or simply by the effects of the tabletting velocity on
the mechanical equilibrium of the system:Page 119
Ch5: Results & Discussion I: Elastic DeformationThe application and removal of the compaction load at a low velocity gives the powder bed
time to dissipate internal stresses, or to consume the mechanical energy injected through elastic
and plastic deformation. This results in a sequence of infinitesimal states of equilibrium leading to
a mechanically stable compact. In other words, the necessary deformation phenomena take
place in a slow, controlled, energetically favorable and complete manner. Conversely, at high
strain rates, most of the compaction energy can only be absorbed superficially due to time-lim-
ited deflection of the material. Consequently, the tablet obtained contains a high concentration of
internal stresses, which, upon abrupt unloading, create a state of intense mechanical imbalance
in the powder bed system. The compact does not have the time to restore its internal balance
and its axial elastic recovery is quick, violent, and incomplete, similar to an explosion. This
sequence of events may even lead to the rupture of interparticulate bonds, causing capping of
the final compact, as explained above.
The trends followed by the AER relative to the compaction velocity, discerned in Figure 5.9. are
clarified as follows. As highlighted by , the strain rate-induced overshoot is much less significant
for low compaction loads than for greater ones. Consequently, at pressing stresses of 64 MPa (5
kN) and 127 MPa (10 kN), the AER displays the expected behavior of a global decline as the
compaction velocity increases. As the compaction load increases, the strain rate-induced over-
shoot gradually adds to the total elastic deformation: The theorized decrease in the AER is only
visible at the lower end of the compaction velocity range (0.17, 1, 1.67 mm.s-1 or 10, 60, 100
mm.min-1), and an augmentation is observed at the highest strain rates (6.67 and 10 mm.s-1 or
400 and 600 mm.min-1). The distribution of these two trends according to the compaction load is
modified by the powder mass: The pressing stress overshoot and its effects are dampened by
increasing amounts of excipient, due to reduced deformation, which results in more homoge-
neous sets of data curves.
The DER is globally weakly influenced by the compaction velocity, since, due to the inherent
organization of the tabletting process, it can only take place when the compact starts exiting the
die, i.e., when most of the elastic deformation energy has already been consumed. Also, due to
inherently low values, it was measured with little accuracy, which made it an unreliable indicator.
All four powders display a high AER, a low DER and a reasonable elastic deformation work, in
common ranges of values (c.f. Figure 5.11. and Figure 5.13.), probably due to the fact that they
share a common chemical backbone: they are all polymers of glucose. It seems that their chem-
ical natures bring the excipients together in the case of the AER. Upon unloading, starch-based
tablets expand slightly less than LHPC ones, but display a lower strain rate sensitivity, i.e., the
decrease in the AER at higher compaction velocities is slightly less pronounced than for the low-
substituted hydroxypropyl celluloses. It must be noted that the differences in the axial elastic
relaxation values are only slight, which indicates that the compact relaxation phenomena may
possess similar underlying mechanisms.
However, the AER and the work of elastic deformation display different trends: The WE data
singles out Starch 1500® as an exceptionally elastic material, while Starcap 1500®, LHPC LH-11Page 120
Ch5: Results & Discussion I: Elastic Deformationand LHPC LH-B1 exhibit moderate elastic deformation capacities. The LHPCs display similar
values of their elastic deformation work and AER, which is understandable, since they are only
differently processed forms of the same material. In other words, LHPC LH-11 and LHPC LH-B1
are both powders of low-substituted hydroxypropyl cellulose with different particle morphologies,
and are thus expected to have similar material properties. Conversely, Starch 1500® and Starcap
1500® exhibit different values of WE, which is surprising. This may be explained by the fact that
Starch 1500® consists partially pregelatinized starch, while Starcap 1500® is a granule com-
prised of Starch 1500® and native starch. This would mean that the pregelatinization process, by
rupturing the starch granules, renders the final product more elastic.
The difference between the results obtained form the AER and WE is not necessarily a contra-
diction: Globally, the higher ductility or, lower spring constant of the starches causes them to
recover less abruptly than the LHPCs when the pressing stress is removed. More precisely, the
introduction and the recovery of the elastic deformation energy during the tabletting process are
separated by the formation of a coherent compact: In spite of their specific elastic deformation
abilities, each material’s consolidation behavior and the resulting interparticulate bond strength
and geometry govern the extent of the volumetric expansion of the final tablet. Consequently, the
work of elastic deformation represents a first indication of, but cannot account for the axial elastic
recovery of the tablet.
5.4. ADEQUACY OF THE EXPERIMENTAL INDICATORS
The Global Work of Compaction constitutes a representation of the compact formation and
decompression processes in their most unrefined form and accounts for all physical phenomena
involved. The latter, obtained from the total area under the compressive part of the compaction
curve, includes the rearrangement of the powder particles, their elastic followed by plastic defor-
mation, the axial recovery of the tablet upon unloading as well as the friction, developed between
particles and at the die wall, hindering the previous processes. Alone, WC yields, at best, an indi-
cation of the volume reduction or densification capacity of the material considered. This may
allow a comparison between powders, but differences may be so subtle that no sound conclu-
sion could be made without prior knowledge of a few powder properties. Consequently, the
Global Work of Compaction is deemed inappropriate here, due to its lack of discriminative power
between physical phenomena, as well as between materials. Moreover, during the establishment
of an energy balance for the compaction process, the latter may be considered as an intermedi-
ate quantity, involved in the calculation of the works of elastic and plastic deformation. The only
practical application of WC seems to be the verification of reproducibility in a tablet production
line, in the frame of quality control.
The work of elastic deformation is a measure of the elastic energy stored by the powder bed
during compaction and released upon decompression and allows a comparison between differ-
ent pharmaceutical excipients. The latter accounts for die wall friction, which hinders the volume
reduction of the powder bed under compressive stress and for the axial recovery of the final tab-Page 121
Ch5: Results & Discussion I: Elastic Deformationlet during decompression. However, WE does not include the diametral relaxation undergone by
compacts during ejection and consequently yields an incomplete estimation of the total extent of
elastic deformation. Also, due to its abstract nature, the elastic deformation work does not give a
clear physical representation of elastic deformation and its effects on the final compact. More
precisely, as has been observed, it cannot account for the amount of axial and diametral elastic
relaxation occurring during the decompression and the ejection of the compact, as well as for the
possible damage these phenomena might cause through capping and cracking.
The axial and diametral elastic relaxations are concrete measurements of the corresponding
physical phenomena, occurring during the unloading and ejection phases of the tabletting pro-
cess, respectively. The latter yield the most complete and obviously the clearest physical repre-
sentation of the effects of elastic deformation on the final compact. The problem of experimental
accuracy has been encountered in the evaluation of the DER through the measurement of the
ejected tablet diameter. This is easily resolved by the use of a laser micrometer. Also, the behav-
ior of the AER has been found to be similar to that of the elastic deformation work with regards to
the compaction load and to the powder mass, which means that the two may be considered
equivalent in a way. In conclusion, the axial and diametral elastic relaxations seem to be the
most convenient and reliable experimental indicators for the practical characterization of the
elastic deformation properties of a powder, as well as their effects on the final compact. Unfortu-
nately, absolute values of these two parameters do not exist, consequently, an initial calibration
should be carried out in order to establish which range of values corresponds to the desired final
tablet properties.
5.5. RESULTS SUMMARY
This discussion begins with the identification of an unalterable experimental limitation which
affects most of the data presented: Due to the build of the materials testing machine used, the
augmenting strain rate causes an increase in the final load applied to the powder bed to
increase. More precisely, the final pressing stress overshoots the value specified by the user.
The knowledge of this effect, termed the strain rate-induced compaction load overshoot, should
allow an accurate interpretation of all experimental results.
A global overview of the physical phenomena taking place during the compaction process is
exposed through the discussion of the Global Work of Compaction. It is established that the com-
paction load, by supplying mechanical energy to the powder bed, is a driving force for deforma-
tion in general, whereas the amount of excipient is a limiting factor. Unfortunately, WC provides
no discrimination between consolidation mechanisms and the most information it yields is the
volume reduction or densification propensity of the materials.
Following the chronological sequence of phenomena involved in the tabletting process, elastic
deformation is investigated through the observation of the elastic deformation work and the axial
and diametral elastic relaxations. At a constant strain rate, these three parameters displayPage 122
Ch5: Results & Discussion I: Elastic Deformationbehaviors confirming the fact that deformation in general is promoted by the pressing stress, but
hindered by the powder mass.
Through the derivation of an equation and its experimental verification, it was established that
the AER and the DER are inversely related, thus confirming the fact that the axial elastic relax-
ation is the dominant mechanism for the release of the elastic energy injected in the compact
through pressing. It was found that increasing compaction velocities globally cause a decrease in
the axial elastic relaxation of the tablets.
Due to their common polymeric structures, the four powders display similar magnitudes in their
elastic component and their Global Work of Compaction. In the case of the axial elastic relax-
ation, slight differences appear between the two couples of excipients, caused by their specific
chemical natures: The low-substituted hydroxypropyl celluloses exhibit the highest average axial
elastic relaxation. The work of elastic relaxation singles out Starch 1500® as possessing an
exceptional elastic deformation capacity above the three other materials. However, this is not
reflected in the AER data, which means that all other mechanisms underlying the tabletting pro-
cess must be considered in order to form a complete picture. The results yielded by the Global
Work of Compaction do not yield any specific information. 
5.6. CONCLUDING REMARKS
The elastic deformation phenomenon and in particular, the elastic relaxation of tablets upon
unloading and ejection has been investigated here. The axial elastic relaxation has been estab-
lished as the best experimental parameter for the investigation of this phenomenon.
The global decrease of the AER with the augmentation of the compaction velocity constitutes
the first observation of strain rate sensitivity in this study. As elastic deformation is not commonly
known as a time-dependent process, and due to the fact that the AER corresponds to the axial
expansion of the compact during unloading and ejection, this may be an indication that a time-
dependent plastic deformation component is included. However, given that volumetric expansion
is a dominant recoverable energy release, elastic deformation seems to be the major phenome-
non accounted for by the AER. This strain rate sensitivity behavior could be explained by an
interaction between elastically and plastically deforming particles, given the intricacy of the com-
paction process, or simply by the effects of the tabletting velocity on the instantaneous mechani-
cal equilibrium of the system. These assumptions may be confirmed by breaking down the total
axial elastic relaxation into its two chronological components, i.e. the axial elastic relaxation
occurring during the unloading phase and that taking place during the ejection of the compact.
It have been established that Starch 1500®, Starcap 1500®, LHPC LH-11 and LHPC LH-B1 all
display substantial elastic relaxation. However, this is only a relative qualification, since no such
data has been published. Nevertheless, this information will reveal extremely useful in the next
two chapters, and complement the remainder of the data, since the axial elastic deformation is






























Ch6: Results & Discussion II: Plastic Deformation and Viscoelastic BehaviorPlastic deformation is the main consolidation mechanism in the formation of a coherent com-
pact through the pressing of a ductile powder bed. The discussion begins with the analysis of the
plastic deformation work, as it gives a global view of the phenomenon of plastic flow. This is fol-
lowed by a two-part investigation of the viscoelastic behavior of the four excipients considered:
Firstly, the time-dependence of plastic flow is evidenced through a strain rate sensitivity study
carried out on four parameters (the Heckel Yield Stress (σyH), Kawakita Parameters a and b, and
the maximum stress transmission coefficient (STCM)) linked directly or indirectly to plastic flow.
Secondly, the viscoelastic behavior of the powders is quantified by calculating the initial (SRR0),
final (SRRF) and average (SRRAv) plastic flow rates, as well as the proportion of stress lost
(ΔPM), during 20 minute stress relaxation experiments.
6.1. OVERVIEW: THE PLASTIC DEFORMATION WORK (WP)
The plastic deformation work is a global measure of the total permanent volume reduction
undergone by a given solid sample under a set compressive load. More precisely, the corre-
sponding area under the experimental compaction curve (c.f. Chapter 5 Figure 5.6.) includes the
mechanical energy inducing the plastic deformation of the powder bed as well as that required to
overcome interparticulate and die wall friction.
It is clear from Figure 6.1. that the plastic deformation work increases with the compaction load
and with the powder mass. The former is understandable, since, as explained previously, the
compaction load is a driving force for deformation. The variation of WP with the powder mass is
opposite to that observed for WE (c.f. Chapter 5 Figure 5.13.), but similar to that noted for WC
(c.f. Chapter 5 Figure 5.5.). The plastic deformation work must be put into context here:
Figure 6.2. shows that the WP constitutes the major part of the Global Work of Compaction. This
means that most of the mechanical energy provided by the compaction load is consumed by the
phenomenon of plastic deformation.
In theory, a ductile solid under compression may undergo plastic deformation practically indefi-
nitely. In other words, the major factor explaining the opposition between the behaviors of elastic
and plastic deformations is the material’s elastic limit: On the one hand, the latter sets a global
limit on elastic deformation, i.e., a given quantity of excipient can only deform elastically to a finite
extent, or may only store a certain amount of recoverable energy, which may be determined from
the material’s elastic limit. The value of the compaction load then establishes whether the powder
bed reaches its elastic limit or not. In most cases of powder pressing, the latter is obviously











On the other hand, once the elastic limit of the material is overcome, the extent of plastic defor-
mation reflects the ability of the sample to consume the mechanical energy supplied by the
pressing stress. Under the assumption of a constant compaction load providing a set amount of
mechanical energy, lower masses of powder will reach their plastic deformation or volume reduc-
tion limit quickly and deflection will stop, whereas higher ones will flow further. Also, due to the
increased material-die wall contact area, greater amounts of powder generate more friction
between particles and especially at the die wall, which is included in the value of the plastic
deformation work. In other words, WP represents the resistance opposed to volume reduction
through mainly permanent deflection by the powder bed.
From Figure 6.1., the powders in order of increasing plastic deformation work are Starch
1500® < LHPC LH-B1 < LHPC LH-11 ≤ Starcap 1500®. Unfortunately, similarly to the Global
Work of Compaction, the plastic deformation work includes too many underlying mechanisms to
yield definitive answers. The latter consist of the plastic flow phenomenon of course, but also of
interparticulate and die wall friction as well as the rearrangement of the powder to a closer pack-
ing state.
The first possible explanation to the above results may be that the Starch 1500® powder bed
achieves close packing, generates the least friction during compaction and undergoes deforma-











































Ch6: Results & Discussion II: Plastic Deformation and Viscoelastic Behaviorwith the data obtained for the elastic deformation work. However, these are only conjectures and





6.2.  EVIDENCE  OF  VISCOELASTIC  BEHAVIOR:  HECKEL  YIELD
STRESS  (σyH),  KAWAKITA  PARAMETERS  a  AND  b,  MAXIMUM
STRESS TRANSMISSION COEFFICIENT (STCM)
As described above, the four experimental variables considered in this section are linked to
plastic deformation explicitly or implicitly:
The Heckel Yield Stress and Kawakita constant b are considered as material constants, i.e. as
the yield stress and its inverse, respectively, of the powder. In other words, these two physical
quantities may be seen as a measure of the powder bed’s resistance to plastic deformation.
Kawakita constant a and the maximum stress transmission coefficient give an estimation of the
powder bed’s volume reduction capacity, which results from particle rearrangement, elastic











































Ch6: Results & Discussion II: Plastic Deformation and Viscoelastic BehaviorIt should be borne in mind that as these four experimental indicators result from in-die mea-
surements, they all account for the effects of elastic deformation and friction, in addition to plastic
flow. Consequently, they cannot be considered as and absolute measure of plastic deformation,
but since the elastic component of all powders has been previously evaluated, the Heckel Yield
Stress, Kawakita parameters a and b and the maximum stress transmission coefficient may be
interpreted as a qualitative evaluation of plastic flow in a given set of tabletting conditions. 
6.2.1. RESISTANCE TO PLASTIC DEFORMATION: THE HECKEL YIELD STRESS
(σyH) AND KAWAKITA PARAMETER b
The Heckel Yield Stress and Kawakita parameter b are connected to the powder yield strength
in inverse ways: The former is defined as proportional to it, whereas the latter is considered as its
inverse. Consequently, these two experimental indicators should vary in opposite directions.
More simply, these two physical quantities are indicators of the powder bed’s resistance and pro-
pensity, respectively, to deflection and, in particular, to plastic deformation.
The existence of a correlation between the Heckel Yield Stress and Kawakita constant b is
experimentally verified in Figure 6.3. where σyH is plotted against 1/b, for each of the four excipi-
ents. If the two experimental parameters are in fact directly or inversely proportional to the yield
strength of the material, then, by transitivity, an inverse linear connection should exist between
them. It seems that a weak linear relationship between σyH and 1/b emerges in Figure 6.3.:
acceptable linear fits have been obtained for the batches of experimental values corresponding
to each excipient characterized. This link between these two parameters is understandable since
they are both derived from some form of densification curve representing the formation of a com-
pact. The latter argument is seconded by the fact that the Kawakita equation was mathematically
established as a special case of a more general form of the Heckel equation (Denny, 2002).
Also, this result may bring the definition of these two experimental indicators closer to that of a
material constant. Unfortunately, the fact that the Heckel Yield Stress and Kawakita parameter b
vary with the powder mass, the compaction load and velocity, as will be seen in the next para-
graph (c.f. Figure 6.4. and Figure 6.5.), refutes this assumption. This may be due to the fact that
both experimental indicators lack a sound physical basis. Nevertheless, the latter may both be
considered as an estimation of the total extent of plastic deformation in a given powder bed
under defined tabletting conditions. Also, the individual linear fits observed for each material
explain the analogy between the behaviors of the Heckel Yield Stress and of Kawakita constant
b, or, more precisely, the fact that the curves are practically mirror images of each other (when
σyH increases, b decreases), relative to the powder mass, to the compaction load and the press-
ing rate (c.f. Figure 6.4. and Figure 6.5.). Given their connection, the Heckel Yield Stress and
Kawakita parameter b are discussed together.
One last element must be borne in mind here. It is clear that the σyH and constant b lack a








Ch6: Results & Discussion II: Plastic Deformation and Viscoelastic Behaviorresistance of the powder bed to deformation and its inverse, respectively. For an accurate inter-
pretation of the data, the physical phenomena encompassed by these two experimental indica-
tors must be clearly inventoried. More precisely, as explained in Chapter 2 Section 2.5.2.2.1.,
due to the fact that the compact densities or volumes are measured in-die and thus under load,
these two experimental indicators include the effects of additional physical phenomena, to plastic
flow such as elastic deformation, interparticulate and die wall friction. The goal of this work being
a comparison between the four excipients, the error induced by friction may be neglected, since
it should affect all measurements in relatively equal proportions. Consequently, the Heckel Yield
Stress and Kawakita constant b should be considered to represent the elastic and plastic defor-
mation of the powder bed, similar to a combination between an elastic and a yield modulus. This
could be seen as a bias, however, as it has been shown in the previous chapter that all powders
possess similar elastic components, these two experimental indicators may be used to carefully




The global trends observed for all powders in Figure 6.4. and Figure 6.5. (c.f. Appendix 3 Sec-
tion A3.2.1. and Section A3.2.2.) are a moderate increase in the Heckel Yield Stress with the
powder mass mirrored by Kawakita constant b. LHPC LH-11 stands out in the constant velocity
plots, with a distinctly wider separation between the σyH and b values for 0.2 g and for other



































Ch6: Results & Discussion II: Plastic Deformation and Viscoelastic BehaviorAs explained previously, the greater the amount of excipient pressed, the greater the number
of atoms or molecules to be repositioned, the greater the number of molecular or atomic bonds to
be stretched or contracted and consequently, the greater the resistance to plastic deformation,
which the Heckel Yield Stress and Kawakita parameter b are measures of. Also, with augmenting
excipient masses, the powder bed height and thus its contact surface with the die wall increases.
This results in higher powder-die wall and interparticulate friction which, by hindering the volume
reduction process and stress transmission resulting from the descent of the top punch into the
die, may indirectly delay plastic flow.
The exceptionally large extent of plastic flow in LHPC LH-11 at the lowest mass of 0.2 g may
be due to the low true density of the powder (c.f. Chapter 4 Section 4.1.) and to its fibrous nature,
which greatly influence its bulk volume and packing behavior during manipulation and especially
during the filling of the die. Contrary to other excipients, whose powder beds spatial arrange-
ments result from the stacking and sliding past each other of condensed particles, that of LHPC
LH-11 arises mainly from the meshing and interlocking of its fibers. This allows much air to
remain trapped in the bulk of the material and makes the LHPC LH-11 powder bed particularly
fluffy and expansive. The powder bed of LHPC LH-11 corresponding to a mass of 0.2 g is the
only one which fits inside the die without the necessity for intense pre-packing and undergoes
compaction with an easy release of the trapped air followed by a maximum (plastic) deformation
of the fiber mesh. Conversely, with higher amounts of LHPC LH-11, the air pockets present inside
the powder bed as well as the resulting radial die wall forces and friction substantially hinder vol-
ume reduction and plastic flow.
On the one hand, In the strain rate sensitivity plots (Figure 6.4. b and Figure 6.5. b), the total
amount of plastic deformation globally increases with the compaction load (σyH decreases while
b increases). This is expected since the pressing stress is a driving force for plastic deformation.
On the other hand, the apparent decrease in plastic flow (increase in  σyH and decrease in b)
with the compaction load at a constant compaction velocity (Figure 6.4. a and Figure 6.5. a) is
unexpected and difficult to account for, given the above. The best explanation found here lies in
the fact that both experimental indicators reflect the densification of the powder bed. At a lower
strain rate, the particles have more time to rearrange, which allows this process to take place in a
controlled and balanced manner, leading to the closest packing achievable at a given compac-
tion load. Consequently, interparticulate voids obtained should be smaller than those resulting
from abruptly rearranging particles at a high compaction velocity. Plastic flow takes place as effi-
ciently as always, but due to the previous, at the highest pressing stresses, the volume of inter-
particulate space available is so low that it cannot cater for the mass of yielding material present,






Starch 1500® 5 64 0.5g
Starcap 1500® 10 127 0.4g
LHPC LH‐11 15 191 0.3g
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Ch6: Results & Discussion II: Plastic Deformation and Viscoelastic BehaviorThe influence of the compaction velocity on the Heckel Yield Stress and Kawakita Parameter b
(c.f. Figure 6.4. b and Figure 6.5. b) is, similarly to the case of the Axial Elastic Relaxation,
affected by the strain rate-induced overshoot of the compaction load, which promotes plastic
flow. The Heckel Yield Stress and Kawakita constant b both show that at the lower end of the
range, an increase in the compaction velocity (between 0.17, 1 and 1.67 mm.s-1) causes a slight
decrease in the total amount of plastic deformation (slight increase in σyH and slight decrease in
b). This is due to the time-dependent in nature of plastic flow. Under the assumption that, at a
given pressing stress, plastic deformation takes place at a steady rate per unit of material mass,
a finite amount of time would be necessary to completely deform a specified amount of excipient.
The compaction velocity determines how long the powder bed is held under load and thus gov-
erns the amount of time available for plastic flow to take place. In other words, the higher the
strain rate, the shorter the duration available for plastic deformation to occur, which results in a
reduction in the total extent of plastic flow measured or an apparent decrease in ductility. Conse-
quently, it is generally expected that the overall amount of plastic deformation should decrease
(increase in σyH and decrease in b) as the compaction velocity increases.
However, at the highest strain rates (1.67, 6.67 and 10 mm.s-1), plastic flow is firmly promoted
(decrease in σyH and increase in b). As mentioned above, this is due to the final compaction load
overshoot caused by the large punch velocities: As the strain rate increases, the compaction
time and thus the extent of plastic deformation decrease. However, this effect is compensated
and even overcome by the heightened compaction load which, as a driving force, controls and in
this case, enhances the rate of plastic flow.
Similarly to the case of the elastic relaxation, the common polymeric structure shared by the
four excipients governs their plastic deformation characteristics and thus ensures that they
exhibit reasonably close Heckel Yield Stress values (c.f.Figure 6.6.). For the same reason, the
four powders also display Kawakita b parameters located within a common range of values (c.f.
Figure 6.7.). 
On the basis of their σyH values, the powders may be grouped according to their chemical
natures: On the one hand, Starch 1500® and Starcap 1500® stand out, at the bottom of the
Heckel Yield Stress value range, as the powders possessing the highest plastic deformation pro-
pensity. In fact, their σyH values are almost equal at constant velocity, and the separation
increases slightly in the variable strain rate conditions. On the other hand, the LHPCs, with
Heckel Yields Stress values hitting the top of the range, appear to be slightly less prone to plastic
flow. Contrary to the starches, the LHPCs display the closest Heckel Yield Stress values in the
strain rate sensitivity study, whereas a substantial separation is observed at constant velocity.
These results point to the fact that the differences in the particle shapes and sizes affect the
deformation and densification behavior of the powders. While the starch-based excipients share
almost identical material properties, Starcap 1500®’s granular nature makes it more deformable,
especially at high strain rates. On the other hand, LHPC LH-11 is more deflectable than LHPC








Ch6: Results & Discussion II: Plastic Deformation and Viscoelastic Behavioring and bending of the fine excipient fibers, rather than through the yield of actual condensed
particles. However, their strain rate sensitivity seems to bring the LHPCs together by overcoming
the effects of their different particle shapes.
The results obtained for Kawakita parameter b are not in full agreement with the Heckel Yield
Stress values, but support the notion that the particle shape affects the powder bed deformation
characteristics. The powders may be placed in order of decreasing b, or decreasing plastic defor-
mation propensity, as follows: LHPC LH-11 > Starcap 1500® > Starch 1500® > LHPC LH-B1. 
This classification is in line with the plastic deformation characteristics of the powders, accord-
ing to their particle shapes and sizes, as described above. LHPC LH-11 displays the highest
plastic flow propensity, due to its fibrous particles, followed by Starcap 1500®, Starch 1500® and
LHPC LH-B1. Starch 1500® and Starcap 1500® and LHPC LH-B1 all have condensed particles,
as opposed to fibrous ones in similar ranges of sizes. Starcap 1500®, which may be considered
as a granule has the highest particle size which may explain its higher deformability, followed by
Starch 1500® and LHPC LH-B1 which are quite close. The difference in deformability between













































Kawakita parameter a and the maximum stress transmission coefficient are both generally
defined as the powder bed’s maximum degree of volume reduction under load, through particle
rearrangement, elastic and especially plastic deformation. Nonetheless, the experimental deter-
minations of these two physical quantities originate from different reasonings and they should
consequently have different interpretations.
On the one hand, Kawakita constant a is obtained from the slope of a densification curve and
and thus reflects, the dynamic physical phenomena involved in the consolidation process.
The maximum stress transmission coefficient, on the other hand, provides the final result of the
compaction process, regardless of its history: Through the filling of interparticulate voids and the
reduction of the powder bed porosity, a sample closer in structure to a continuous solid is formed,
which is known to transmit stress fully.
The physical difference between the two experimental indicators is highlighted by the global
difference in their behaviors with respect to the compaction load, to the powder mass and to the









































Ch6: Results & Discussion II: Plastic Deformation and Viscoelastic Behaviorexcipients considered, whereas the maximum stress transmission coefficient discriminates
between them by exhibiting individual specific trends.
6.2.2.1. Kawakita Parameter a
Kawakita constant a is experimentally determined from the slope of the powder bed densifica-
tion curve defined by Kawakita, as expressed in Equation 6.1. This means that it is designed to
reflect the evolution of the compact densification process. It must also be noted that Kawakita
constant a is connected to constant b through Equation 6.2: 
The fact that the product of Kawakita parameters a and b is equal to a constant means that
they share common behavioral trends relative to the compaction load, the powder mass and the
compaction velocity, as observed in Figure 6.5. and in Figure 6.8. However, this is only a prelimi-
nary mathematical explanation which must be followed by a physical interpretation.
Figure 6.8.shows that generally, Kawakita parameter a slightly augments to a plateau value
with the compaction load and displays a slow decrease as the powder mass increases. This is
explained by the fact that the compaction load enhances plastic flow and overcomes interparticu-
late and die wall friction, thus promoting the densification of the powder bed, while the amount of
material processed has the inverse effect, as described previously. More precisely, a substantial
powder bed offers enhanced resistance to deformation and, due to its height and thus large con-
tact area with the die wall, undergoes much friction, which hinders the volume reduction process.
Similar to Kawakita parameter b, in the case of LHPC LH-11, the Kawakita parameter a data
obtained from the lowest amount of excipient 0.2 g are situated at the top of the magnitude
range, with a significant separation from all other masses. This is consistent with the fact that the
mesh-like structure of the powder bed, due to the fibrous nature of its particles (c.f. Chapter 4
Section 4.1.), reduces in volume with difficulty due to the replacement of particle rearrangement
by fiber interlocking. Further, densification is prevented through the entrapment of air, which
causes the expansion of the powder bed, thus enhancing radial die wall forces and die wall fric-
tion. The experimental data indicates that only a mass of LHPC LH-11 as low as 0.2g may consti-
tute a mesh loose and thus weak enough to allow the straightforward release of trapped air
under load, followed by maximum volume reduction through rearrangement and plastic deforma-
tion.
The influence of the compaction velocity on Kawakita Parameter a is, similarly to the case of all
the previous experimental indicators, affected by the strain rate-induced overshoot of the com-
paction load. Kawakita constant a displays a global increase with the compaction velocity. This is
due to the fact that, in spite of the time-dependent in nature of plastic flow, the augmentation in
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Ch6: Results & Discussion II: Plastic Deformation and Viscoelastic BehaviorRegardless of the compaction velocity, the values of constant a corresponding to the minimum
compaction load of 5 kN / 64 MPa lie much lower than those related to all other loads. Moreover,
in the strain rate sensitivity study, the corresponding curves are the only ones which exhibit a
slight decrease between strain rates 0.17 and 1.67 mm.s-1, followed by an increase up to 10
mm.s-1. This may reflect the fact that a pressing stress of 64 MPa (5kN) may be too low to induce
any satisfactory densification within the powder bed. More precisely, the formation of the com-
pact occurs but in an inefficient way, which may eventually result in mechanical weakness. 
With regards to the strain rate sensitivity behavior of Kawakita parameter a, the lowest press-
ing stress is least affected by the compaction velocity-induced overshoot. Consequently, at the
lower end of the strain rate range, plastic flow, or the powder bed volume reduction, are not pro-
moted by an unnaturally augmented pressing stress, which leaves the effect of the time depen-
dence of plastic flow apparent.
Figure 6.9. Average Values of Kawakita Parameter a
The classification of the four excipients obtained from the average values of Kawakita parame-
ter a (Figure 6.9.) seems unusual: There is no separation according to the specific chemical
natures of the powders, which should influence their plastic flow propensities, the latter being
considered the main densification mechanism reflected here. This possibly results from an inter-
action between plastic flow and another mechanism or experimental factor. However, none of the
possible candidates considered, i.e., elastic deformation, friction or the powder bed packing





































Ch6: Results & Discussion II: Plastic Deformation and Viscoelastic BehaviorNevertheless, this could be caused by the inaccuracy in the measurement of the initial powder
bed height, especially at low powder masses. More precisely, it was difficult to assess the exact
initial powder bed height, as the point of contact between the powder bed and the tip of the calli-
pers depth probe was difficult to determine. Consequently, lower initial powder bed heights than
their true value would have been used, especially in the case of initially close-packed powders
such as Starch 1500®, resulting in apparently inefficient volume reduction.
6.2.2.2. The Maximum Stress Transmission Coefficient (STCM)
Figure 6.10. (c.f. Appendix 3 Section A3.2.4.) shows that the maximum stress transmission
coefficient decreases with an increase in the amount of powder compacted. This is explained by
the fact that the mass of the powder bed determines its height and thus its contact area with the
die wall, and the extent of particle rearrangement required to attain optimal packing. Conse-
quently, augmenting excipient masses promote interparticulate and die wall friction, and present
a higher resistance to plastic flow, which respectively hinder volume reduction and contravene
the filling of interparticulate voids as well as the increase in the interparticulate contact area. The
latter result in a compact structure further from that of a continuous, fully stress transmitting solid
than theoretically possible.
At a constant velocity, the effect of the compaction load on STCM is governed by the powder
type. The starches display an increase in STCM with the compaction load, whereas the cellulo-
ses exhibit a slight decrease to a plateau value as the pressing stress augments. This behavior
persists in the strain rate sensitivity results, with the effect of the compaction velocity on the
STCM changing according to the compaction load and the powder considered. This is partly due
to the strain rate-induced compaction load overshoot, which emphasizes the action of the press-
ing stress on the material over that of the compaction velocity. The difference in the individual
powders’ behaviors seems to lie mainly in their particle shapes and sizes.
On the one hand, Starch 1500® and Starcap 1500® display an increase in their STCM with the
compaction load. The former exhibits a slow increase from a plateau value, while the latter pres-
ents an almost linear augmentation with the pressing stress. Both phenomena are intensified at
high powder masses. On the other hand, the maximum stress transmission coefficients for LHPC
LH-11 and LHPC LH-B1, slowly decrease to a plateau value with the compaction load. This
behavior gradually switches to a decay followed by a slight augmentation as the amount of excip-
ient increases. These observations are accounted for as follows: 
Starch 1500®, with close powder bed packing, its propensity to plastic flow and self-lubricating
properties, possesses the highest stress transmission coefficient (c.f. Figure 6.11.). This means
that this material readily transmits any applied force. Consequently, an increase in the latter only
causes a minor improvement in the stress transmission by promoting plastic flow slightly further
than its optimum degree. Of course, the latter amelioration is made more visible with poor start-
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Ch6: Results & Discussion II: Plastic Deformation and Viscoelastic BehaviorStarcap 1500® is a granule containing equal proportions of Starch 1500® and native starch.
Consequently, it possesses similar deformation properties to Starch 1500®, but it also acquires
two detrimental characteristics. Native starch may impart some stickiness to Starcap 1500®,
which reinforces die wall friction. Also, Starcap 1500® has a high particle size, responsible for a
more open powder bed packing and thus larger interparticulate voids to fill through plastic flow. In
line the reasoning followed for Starch 1500®, Starcap 1500® presents some form of unfavorable
starting condition for stress transmission, which may only be improved by an increased pressing
stress which is better able to overcome die wall friction and enhances plastic flow.
LHPC LH-11 and LHPC LH-B1 exhibit only slight variations in their maximum stress transmis-
sion coefficients along the compaction load interval, namely a slight initial decay followed mainly
by a plateau value, with a tendency towards a final modest increase at higher powder masses.
This means that beds of these excipients promptly attain their optimal stress transmission and
densification conditions under compression, thus reaching an incompressible state. This may be
defined as a saturation of the stress transmission capacity of the excipients. More precisely,
through over-compression, the final compact expands diametrally, resulting in substantial radial
forces and friction at the die wall, which prevent any further descent of the top punch into the die.
This is in line with the previously mentioned fluffiness and expansivity of these two powders,
especially LHPC LH-11 which seems prone to air entrapment and to the formation of an incom-
pressible mesh structure, due to the fibrous nature of its particles.
From the average values of the maximum stress transmission coefficient found in Figure 6.11.,
it is clear that an increase in the compaction velocity causes a global decrease in the maximum
stress transmission coefficient. This is due to the time-dependent nature of plastic flow and of
mechanical equilibrium in general: At high strain rates, it is not possible for rearrangement, elas-
tic and plastic deformation to take place in a balanced, energetically favorable manner allowing a
controlled and complete aggregation of the particles. Moreover, due to the time limitation, plastic
flow may only proceed to a fraction of its full potential. This results in a reduced final interparticu-
late contact area and thus in stunted stress transmission.
More precisely, for all powders, STCM gradually switches from a global decay, within experi-
mental error, to the general behavior presented by most plastic deformation indicators so far, i.e.,
a moderate decrease followed by an increase at the higher end of the compaction velocity inter-
val (c.f. Appendix 3 Section A3.2.4.). This is due to a combination between the effects of the
strain rate-induced compaction load overshoot and of the pressing stress observed at a constant
velocity. Due to the increasing strain rates, as pointed out in Figure 6.11., the stress transmission
capacities of the powder beds are far below their saturation points. Consequently, an increase in
the compaction load rightfully promotes volume reduction and thus an augmentation in the STCM
through plastic flow.
The initial decay of the maximum stress transmission coefficient is a proper unaltered illustra-
tion of strain rate sensitivity, i.e., the latter corresponds to the limitation of time-dependent plastic








Ch6: Results & Discussion II: Plastic Deformation and Viscoelastic Behaviortion velocity. The shift in trend displayed is due to the fact that this initial ideal situation is gradu-
ally overcome by the strain-rate induced pressing stress overshoot, which becomes prominent at
the highest compaction loads.
Figure 6.11. Average Values of the Maximum Stress Transmission Coefficient (STCM)
6.3. QUANTITATIVE ANALYSIS OF THE VISCOELASTIC BEHAVIOR:
INITIAL  (SRR0),  FINAL  (SRRF), AVERAGE  (SRRAv)  STRESS RELAX‐
ATION  RATES,  PROPORTION  OF  STRESS  LOST  DURING  RELAX‐
ATION (ΔPM)
As opposed to the previous set of experimental indicators, the initial (SRR0), final (SRRF) and
average (SRRAv) stress relaxation rates, as well as the proportion of stress lost during relaxation
(ΔPM) may be considered as "dynamic" parameters, in the sense that they reflect the timely evo-
lution of the plastic deformation phenomenon during compaction. More precisely, these four
experimental parameters give a measure of the kinetics of plastic flow.
The initial stress relaxation rate (Figure 6.12.) is a relative measure of the plastic flow driving
force generated upon loading of the powder bed. More precisely, it is an estimate of how


















































Ch6: Results & Discussion II: Plastic Deformation and Viscoelastic BehaviorAs previously explained, SRR0 is determined from the slope of the stress relaxation curve at
time zero. In practice this is not possible, since one data point does not provide a slope. Conse-
quently, in a real system, the initial stress relaxation rate is equal to the slope between the first
two points of the experimental plot. The result of this is that the main bias on SRR0 stems from
how quickly the first few stress values are recorded during the relaxation experiment. This inher-
ent experimental error may pose a problem if the objective of the study is to determine absolute
stress relaxation rate values, but it may be neglected in a comparative analysis. Nevertheless,
the knowledge of this error may be useful in the interpretation of the results.
The final stress relaxation rate (Figure 6.16.) indicates how much the plastic flow driving force
has been depleted over time. The latter should decay to zero at infinite time. However, in practice
this is obviously not the case. Also, in the interest of studying the kinetics of plastic flow during
the compaction process, it is wise to keep experimental relaxation times within a tabletting pro-
cess time-scale.
The average stress relaxation rate (Figure 6.13.) may be considered as a summary of the initial
and final stress relaxation rates: It provides a global view of the stress relaxation process, and
should reflect the initial intensity of the plastic flow driving force as well as the rate of its depletion
over time.
The proportion of stress lost during relaxation complements the previous three parameters and
may provide a confirmation to the results obtained: Similarly to SRRAv, it takes into account the
timely evolution of the stress relaxation rate.
As mentioned before, the raw stress relaxation curve includes the effect of elastic deformation,
since it is a necessary precursor to plastic flow. The latter should manifest itself as the value
asymptote towards which the decaying stress progresses. However, the elastic component
should not affect the values of the stress relaxation parameters, since they are all obtained from
differences between selected data points in the experimental plot.
Figure 6.12. shows that the initial stress relaxation rate is influenced by an interaction between
the compaction load and the powder mass. The SRR0 displays a quasi-parabolic behavior with
regards to the compaction load: The latter increases to a maximum value, then decays to a mini-
mum. The pressing stress corresponding to the maximum SRR0 decreases as the powder mass
augments. This may be interpreted as the existence of an optimal compaction load-powder mass
combination, allowing the generation of a plastic flow driving force of maximum efficiency. More
precisely, as explained previously, the mechanical disequilibrium generated in the powder bed, in
the form of a stress gradient, by the application of the compaction force, triggers plastic deforma-
tion. The aim of this phenomenon is to restore an energetically stable state in the system, namely
to homogenize the stress distribution in the material. The rate of plastic flow is proportional to the
stress gradient present in the powder bed. In other words, the intensity of the mechanical dis-
equilibrium created determines the intensity of the system’s reaction towards restoring balance.
Consequently, upon loading, the material flows at the highest rate possible. As the stress gradi-
ent in the powder bed and thus the plastic flow driving force is reduced, the plastic deformationPage 152
Ch6: Results & Discussion II: Plastic Deformation and Viscoelastic Behaviorrate decreases. This phenomenon is known as the depletion of the plastic flow driving force. The
previous entails that the rate of depletion of the plastic flow driving force corresponds to the
instantaneous stress relaxation rate.
The previous reasoning allows the initial stress relaxation rate maxima observed in
Figure 6.12. to be explained as follows. Below the optimal compaction load, the plastic flow driv-
ing force has not attained its full potential, i.e., not enough mechanical energy is provided to acti-
vate plastic deformation in the entire powder bed, which results in an SRR0 low enough to be
measured at its maximum value. Above the optimal pressing stress, the plastic flow driving force
is so intense that its depletion begins immediately. In other words, the true initial stress relaxation
rate is so high that it has already decayed by the time the measurement is taken. This phenome-
non is partially confirmed by the fact that, in order to obtain a reasonable yet treatable number of
data points over a time interval of 20 minutes, an intermediate sampling rate of 72 ms was cho-
sen for the stress relaxation experiments. The compaction load corresponding to the maximum
SRR0 observed here may be described as an initial stress relaxation rate measurability thresh-
old.
The combined effect of the powder mass is now also understandable. Due to the fact that
increasing amounts of excipients limit the extent plastic deformation, lower powder masses ini-
tially exhibit higher initial stress relaxation rates, but attain their SRR0 measurability threshold
more quickly as the compaction load increases.
In summary, the initial stress relaxation rate augments with the compaction force and with a
decrease in the powder mass. However, the unbiased observation of this phenomenon requires
an adequate adjustment of the sampling rate at the beginning of the stress relaxation experiment
(This was not possible in this work, due to the substantial relaxation time chosen).
The argument developed above is confirmed by the variations of the average stress relaxation
rate and of the proportion of stress loss during relaxation, found in Figure 6.13. and in
Figure 6.14., respectively. 
The latter displays the same trend as the initial stress relaxation rate, which is its major compo-
nent, with regards to the compaction load, but exhibits an augmentation along the powder mass
interval. The proportion of stress loss during relaxation decays along the compaction load inter-
val and, similarly to the latter, globally increases with the amount of excipient. These behaviors
may seems at first counterintuitive, but stem here again from the existence of an optimal com-
paction load-powder mass combination. The depletion of the plastic flow driving force during the
first few seconds of the relaxation process is powerful enough to counteract the benefits of the
high initial stress relaxation rate. In other words, an increase in the compaction load is followed
by an increase in the initial stress relaxation rate, which causes the major part of the compres-
sive load decay experimentally observed, but is also responsible for an early decrease in the
plastic deformation rate intense enough to make the remainder of the stress relaxation process
utterly inefficient. In other words, with a quick start and a very slow finish, the average perfor-
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Ch6: Results & Discussion II: Plastic Deformation and Viscoelastic BehaviorConsequently, an intermediate compaction load yielding an overall lower, but globally more effi-
cient (average) stress relaxation rate, allows plastic flow to take place in an energetically favor-
able way, through a sequence of infinitesimal states of equilibrium ensuring completeness. The
effect of the powder mass on ΔPM and on SRRAv is now better understood. The latter, by offering
resistance to plastic deformation slows down the stress relaxation process and thus creates the
favorable conditions described previously for an efficacious depletion of the powder bed internal
stress, at a higher average stress relaxation rate.
After 20 minutes of stress relaxation, the plastic flow rate has decayed by an average factor of
600, as estimated from the average values of the initial and final stress relaxation rates found in
Figure 6.15. The evolution of the final stress relaxation rate with the compaction load and the
powder mass are presented in Figure 6.16. With high errors and the lack of any definite trend,
this parameter only illustrates the decrease of the plastic flow rate to zero at infinite time.
The average values of the four stress relaxation parameters presented in Figure 6.13. show
that, as observed previously with the elastic deformation indicators, due to their polymeric
nature, the four excipients have similar material properties. More clearly, the corresponding aver-
age values of the four stress relaxation parameters, which are quantitative indicators of plastic
flow propensity, are confined within a narrow range of values. Here again, the powders may be
grouped according to their specific chemical natures: the starches globally display slower plastic
deformation than the low-substituted hydroxypropyl celluloses.
Starch 1500® possesses the lowest plastic deformation drive, followed by Starcap 1500®, and
the LHPCs, which exhibit extremely similar behaviors. The reason for this may be that the small
particle size and close packing of Starch 1500® offer a higher resistance to deformation through
inherent hardness and limited interparticulate void space to filling.
Conversely, Starcap 1500®, which may be considered as a granule due to its manufacturing
process, possibly possesses an inherent porosity, in addition to its large particle size. This results
more interstitial space available within the powder bed for the material to deform into. More pre-
cisely, volume reduction takes place via granule densification, prior to the filling of large interpar-
ticulate voids. The shortcoming of this mechanism is that the extent of plastic flow required to
ensure satisfactory particle cohesion and thus efficient stress relaxation may be too high to allow
the process to be competed in a reasonable time. In other words, the plastic flow rate may be
elevated, but the filling of the substantial inter- and intra-particulate space is the time limiting step
in the densification process and conveys the appearance of globally slow plastic deformation.
 LHPC LH-B1 follows a similar scenario to Starcap 1500®, however, due to its lower particle
size, which ensures closer packing, and to the absence of intra-particulate pores, this excipient
has a lower amount of powder bed interstitial space. This means that the filling of interparticulate
voids does not cause a retardation of the stress relaxation rate.
Finally, contrary to all other excipients, LHPC LH-11 particles are fibrous, which results in facili-
tated plastic deformation through their folding and bending. The LHPC LH-11 powder bed has a
mesh-like structure, which, through the interlocking and interweaving of the fibers, efficientlyPage 163
Ch6: Results & Discussion II: Plastic Deformation and Viscoelastic Behaviortransmits the compaction load. The latter allows plastic flow to propagate readily through the
material, thus relaxing internal stresses.
6.3.1. AN ALTERNATIVE TO TRADITIONAL VISCOELASTIC MODELS
The stress relaxation experiments presented in this work were designed to acquire a better
understanding of the plastic deformation phenomenon taking place in real compaction condi-
tions. More precisely, the underlying aim of the study was to develop an experimental method or
a set of parameters allowing a practical characterization of the viscoelastic behavior displayed
specifically during tabletting, i.e., to elucidate and possibly quantify the sequence of phenomena
taking place after the compaction load has been applied and before it is removed.
The characterization of the viscoelastic behavior of the four excipients of interest achieved in
this work may only be considered as partial, in the sense that all parameters are obtained mainly
from the mathematical treatment of the data points obtained at the beginning and at the end of
the stress relaxation process. A much more efficient analysis, ranging from a simple character-
ization to behavior prediction, could be carried out if a model, or at the very least an empirical
equation was developed for the stress relaxation phenomenon.
Many attempts have been made to adapt viscoelastic models from materials science to the
analysis of plastic flow in tabletting. However, due to their growing complexity, the latter require
substantial computational resources and are comprised of a number of parameters which lack
any sound physical meaning.
From the observation of the general shape of the stress relaxation curves and the belief, illus-
trated throughout this discussion, that the compaction load may be considered as a driving force
for deformation in general and specifically plastic flow, an attempt was made to develop a stress
relaxation equation based on the driving force theory used to quantify mass, heat and momen-
tum transport processes (Geankoplis, 1993). This argument is not intended as the development
of a definitive model, but as the starting point of the analysis of a problem from a new perspective
and the testing of possibly beneficial preliminary hypotheses.
Plastic deformation may be described as a mass transport process, since the former may be
considered as the limited diffusion of constitutive atoms or molecules through the lattice of the
material specimen, in order to restore a mechanically stable configuration after application of the
compressive load.
The detailed derivation of the stress relaxation equation may be found in Appendix 3 Section
A3.2.5. The general transport equation states that a driving force is required to overcome a resis-
tance, in order to transport a property (Geankoplis, 1993). In the case of plastic flow, or stress
relaxation, the different items involved may be specified as follows, to yield Equation 6.3:
• The property transported is stress (P, [MPa]), which indirectly represents the migration of
constitutive atoms or molecules in the solid lattice, through plastic deformation.Page 164
Ch6: Results & Discussion II: Plastic Deformation and Viscoelastic Behavior• The rate of the transfer process is the stress relaxation rate (dP/dt, [MPA.s-1]). It is negative,
since it causes the applied load to decrease.
• The driving force is the stress gradient generated by the compaction load in the powder bed
(∇P, [MPa]).
• The resistance to plastic flow is the viscosity of the material, quantified by its viscous modulus
(G, [MPA.s]).
• A final element is required, in the form of a material property, in order to build a dimensionally
consistent relationship. The elastic modulus of the material (E, [MPa]), seems to be the most
appropriate here. There are two reasons for this: firstly, the powder bed under load undergoing
stress relaxation is also elastically deformed, since the latter is a prerequisite to plastic flow. The
elastic modulus thus makes it possible to account for this phenomenon. Secondly, a correlation
including elasticity and viscosity may be considered to account for viscoelastic behavior, which
places the equation developed here in the frame of viscoelastic models.
After simplification of the stress gradient to the difference between the applied load P and a ref-
erence load, taken to be zero for ease of treatment in this context, integration and rearrangement
of the above equality, a simple preliminary stress relaxation equation is obtained in the form of
Equation 6.4:
The validity of the latter and the possibility of modeling stress relaxation with exponential decay
functions was verified experimentally by applying relevant fits to the batches of stress relaxation
data available. Unfortunately, only a qualitative evaluation is possible at this time, since no reli-
able values of the excipients’ material constants are available.
More precisely, a first order exponential decay fit was initially evaluated and yielded a satisfac-
tory, but improvable outcome. Consequently, under the assumption that, similarly to the case of
polynomials, the goodness of fit might improve with increasing order, second and third order
exponential decay fits were subsequently tested. Detailed results are presented in Appendix 3
Section A3.2.5. The latter are summarized in Figure 6.17., with the forms of the three orders of
exponential decay functions. The main observations are the following:
In the case of the first order exponential decay (c.f. Figure 6.17.), the fits provide an asymptotic
value (y0), which provides a complement to the preliminary equation proposed here. The fit
parameters are analyzed as follows: The asymptotic value y0 corresponds to the stress involved
in the elastic deformation of the powder bed, which remains constant throughout the relaxation
time. Parameter A1 corresponds to the starting value of the stress causing plastic flow, which
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Ch6: Results & Discussion II: Plastic Deformation and Viscoelastic Behaviorcisely a retardation constant which sets the velocity of the curve decay: The greater t1 the quicker
the exponential decreases to its asymptotic value, which is a reflection upon the effect of the
compaction load on the plastic deformation rate. Unfortunately, due to lack of fit at the beginning
of the stress relaxation process, these parameters do not exactly reflect the quantitative features
of the stress relaxation profile and this interpretation should only be considered as preliminary.
However, the fit parameters are reasonably consistent with the compaction conditions. They
reflect the increase in the amount of elastic deformation and in the stress relaxation rate with the












R2 = 0.924 R2 = 0.927 R2 = 0.910 R2 = 0.909
Second Order Exponential Decay: y = y0 + A1*exp(‐x/t1) + A2*exp(‐x/t2)
R2 = 0.988 R2 = 0.989 R2 = 0.987 R2 = 0.984
Third Order Exponential Decay: y = y0 + A1*exp(‐x/t1) + A2*exp(‐x/t2) + A3*exp(‐x/t3)


































Ch6: Results & Discussion II: Plastic Deformation and Viscoelastic BehaviorAll exponential decay fits are satisfactory with R2 values ranging from 0.91 to 0.99, which con-
firms that the equation developed here may be a good starting point for the modeling of stress
relaxation phenomena with exponential decay functions. As hypothesized, the goodness of fit
improves as the order of the exponential decay increases. The fit parameter variations in all
cases rightfully reflect the slight changes in the stress relaxation curve shape with the compac-
tion load, the powder mass and the nature of the excipient.
As mentioned above, increasing the order of the exponential decay adds detail to the descrip-
tion of the phenomenon considered. In spite of their goodness of fit, in order for exponential
decays of second and third orders to provide an acceptable description of the stress relaxation
process, these must possess a solid physical meaning. The latter consist of linear combinations
of individual exponential decays, which may each represent a stress relaxation phenomenon.
This implies that the overall stress relaxation process is a result of the superposition of several
individual relaxation phenomena occurring in parallel in the powder bed under load. This is imag-
inable, since the compacted powder bed, due to its inhomogeneity, may be described as a statis-
tical distribution of particles, the environmental conditions of which are determined by their
respective locations. During the tabletting process, different particles undergo the same
sequences of physical phenomena at different times or velocities. However, a very specific
experimental technique, able to discriminate between different parallel occurrences of deforma-
tion during the compaction process would be required in order to implement the latter argument.
6.4. ADEQUACY OF THE EXPERIMENTAL INDICATORS
Unfortunately, similarly to the Global Work of Compaction, the plastic deformation work
includes too many underlying mechanisms to yield definitive answers. The latter consist of the
plastic flow phenomenon of course, but also interparticulate and die wall friction as well as the
rearrangement of the powder to a closer packing state. Similarly to the previous energy parame-
ters considered, WP does not provide a good practical representation of the effects of plastic flow
during the compaction process and consequently does not belong in this study.
The equivalence of the Heckel Yield Stress and Kawakita parameter b, due to the fact that they
are both obtained from some form of a compact densification curve, has been established. Unfor-
tunately, neither of these two quantities can be defined as a material constant, they include the
effects of additional physical phenomena, to plastic flow such as elastic deformation, interparticu-
late and die wall friction, and they both lack a sound physical basis. At best, the latter may be
used for a qualitative evaluation of the powder bed’s resistance to deformation in given compac-
tion conditions, similar to a combination between an elastic and a yield modulus. Similarly to its
counterpart, Kawakita parameter a has no real physical meaning. The Kawakita parameters are
also at the mercy of errors in the inconvenient determination of the initial powder bed height.
Consequently, the Kawakita constants and the Heckel Yield Stress are not deemed appropriate
for the characterization of a material. Another source of confusion with these three empiricallyPage 167
Ch6: Results & Discussion II: Plastic Deformation and Viscoelastic Behaviordefined quantities is whether they correspond to a property of the powder material, of the porous
powder bed or of the final compact.
Although it accounts for a sequence of physical phenomena, namely, elastic deformation, plas-
tic flow and friction, the maximum stress transmission coefficient is a straightforward, physically
significant measurement, which yields indirect information on the plastic flow propensity of the
material considered. In combination with other experimental indicators it should provide useful
information for the characterization of the compaction behavior of a powder.
The stress relaxation parameters SRR0, SRRF, SRRAv and ΔPM offer an elegant quantification
of viscoelastic behavior. They give a measure of the stress relaxation rate and its effects at key
times of the stress relaxation process with the inclusion of the influence of elastic deformation.
These experimental indicators are true assets to this study, however, the evaluation of the initial
stress relaxation rate can be improved by adjusting the experimental sampling rate. Moreover, a
more complete characterization of the plastic deformation process could be achieved through the
development of a model such a as the one proposed at the end of this Chapter.
6.5. RESULTS SUMMARY
In this Chapter, the plastic deformation propensities and the viscoelastic behavior of the set of
excipients of interest are characterized in three parts: 
Firstly, a global evaluation of the powder bed volume reduction propensity, mainly through plas-
tic flow is provided by the analysis of the work of plastic deformation (WP). The latter confirms
that the compaction load is a driving force for plastic deformation and that the powder mass is the
limiting factor, but is not specific enough to yield definitive information on the plastic deformation
propensity of the materials.
Secondly, the time dependence of plastic flow is confirmed in the strain rate sensitivity study,
by the variation, with the compaction velocity, of the Heckel Yield Stress, of Kawakita parameters
a and b and of the maximum stress transmission coefficient, which all provide an indirect qualita-
tive evaluation of plastic flow. However, the pool of data does not provide a clear indication of the
individual tabletting performances of the four excipients: The Heckel Yield Stress and Kawakita
parameters a and b, yield confusing results. However, given the physical unreliability of these
three parameters, the latter may be dismissed.
The maximum stress transmission coefficient (STCM), reflects the volume reduction capacity of
each powder through plastic deformation, but also their packing propensity and the extent of die
wall friction, thus highlighting the self-lubrication properties of Starch 1500®.
Finally, the viscoelastic behaviors of Starch 1500®, Starcap 1500®, LHPC LH-11 and LHPC
LH-B1 are quantified through the determination of their initial (SRR0), final (SRRF) and average
(SRRAv) stress relaxation rates, as well as their proportion of stress lost during relaxation (ΔPM).
The latter provide a set of consistent data where the low-substituted celluloses stand out with the
highest plastic flow rates. Also, a new approach, based on the driving force theory used to modelPage 168
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powder beds. The fitting of stress relaxation curves with second or third order exponential decay
functions seems a promising option.
Due to their common polymeric nature, all excipients display high plastic deformation propensi-
ties in one form or another, however, the effects of plastic flow are modulated by additional fac-
tors, such as their packing properties, or the amount of friction. Starch 1500® and LHPC LH-11
stand out with the best performances: Starch 1500® possesses the highest stress transmission
coefficient, the lowest Heckel Yield Stress and plastic deformation work, while LHPC LH-11 and
LHPC LH-B1 exhibit the most efficient stress relaxation behavior.
6.6. CONCLUDING REMARKS
The role of plastic deformation in compact consolidation has been clarified and quantified.
However, the intricacy of this process is emerging. The final quality of a tablet is the result of the
interaction of numerous physical phenomena. Extensive plastic deformation should yield a
strong coherent compact. However, the latter is also responsible for the adhesion of the tablet to
the die wall through the formation of plastic junctions. This results in elevated die wall friction dur-
ing the unloading and ejection phases, which may cause damage to the final compact.
The ejection and final tablet characterization data presented in the following chapter should

















The maximum ejection force, the final tablet mechanical strength and the tablet surface topog-
raphy result mainly from the interaction of plastic and elastic deformation during the compaction
of a mass of excipient.
On the one hand, plastic flow contributes to the consolidation of the compact, by increasing the
area of contact between particles, through the filling of interparticulate voids and by relaxing
internal stresses. However, in the same way, plastic deformation causes an increase in the con-
tact area between the compact and the die wall, which corresponds to the formation of adhesive
junctions which are responsible for friction opposing any subsequent axial movement or expan-
sion of the tablet inside the die.
Chapter 7 RESULTS & DISCUSSION III:         
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Ch7: Results & Discussion III: Characterization of The Final TabletOn the other hand, elastic recovery of the compact upon unloading relaxes internal stresses
accumulated in the powder bed under compaction. However, elastic relaxation also causes the
stretching and possibly the rupture of previously formed interparticulate bonds, which results in
the mechanical weakening of the compact.
Consequently, from a more practical point of view, the maximum ejection force, the final tablet
mechanical strength and the tablet surface topography should yield information about the materi-
als’s capacity to form a tablet of satisfactory quality through the combination of the effects of
plastic flow and elastic recovery and taking into account the hindrance represented by die wall
friction. In other words, these experimental indicators provide a complementary holistic view of
the process of tablet formation.
7.1.  TABLET  EJECTION: MAXIMUM  EJECTION  FORCE AND  SUR‐
FACE ROUGHNESS
The maximum ejection force corresponds to the compressive load necessary to dislodge the
compact from the die, i.e., to overcome the radial expansion and die wall friction maintaining it in
place. The maximum ejection force is affected by the combination of plastic flow, and of elastic
relaxation occurring in the powder bed and in the final tablet during the compaction and decom-
pression phases. The latter control the relaxation of radial die wall stresses, but also the forma-
tion and possibly the rupture of adhesive plastic junctions between the compact and the die wall.
The maximum ejection force globally increases with the powder mass, as shown in Figure 7.1.
This is due to the fact that the powder bed height in a cylindrical die of constant section is propor-
tional to the amount of excipient. The latter, in turn, determines the area of contact between the
material and the die wall. The frictional force opposing the ejection process is proportional to the
tablet-die wall contact area and consequently increases with the powder mass, thus causing the
compact to require a higher force to push it out of the die. This is in agreement the fact that the
unejected tablet surface roughness and thus the magnitude of the compact-die wall adhesion is
globally unaffected by the amount of excipient pressed, as illustrated in Figure 7.2. (c.f. Appendix
3 Section A3.4.1. and Section A3.4.2.).
The variation of the maximum ejection force with the compaction load is affected by the nature
of the excipient. In the case of the starches, the maximum ejection force increases between the
first and second pressing stress values, then decreases almost linearly along the remainder of
the range. In the case of the low-substituted celluloses, the maximum ejection force globally
increases with the compaction load, this behavior being enhanced by the augmenting powder
mass.
These observations are explained by the fact that the underlying effect of the compaction load
on the maximum ejection force is twofold. Firstly, the augmenting pressing stress causes a
reduction in the height of the final compact and, as explained above, in the friction force opposing
its expulsion from the die, which is beneficial to the ejection process. Secondly, the compactionPage 171
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phase of the tabletting process. This results in the tablet pressing against the die wall and in the
formation of adhesive plastic junctions between them. The latter are the main contributors to die
wall friction. Also, the radial transmission of the pressing stress may result in the appearance of
residual die wall stresses, which hold the compact inside the die.
This is confirmed by the fact that the tablet surface roughness prior to ejection decays to a pla-
teau value as the compressive stress increases (c.f. Figure 7.2. and Appendix 3 Section A3.4.1.
and Section A3.4.2.): 
The compaction load transmitted radially causes the particles located on the circumferential
surface of the powder bed to flow plastically. This causes an increase in the true contact area
between the tablet and the die wall through the flattening of the powder surface asperities
against the hard metal of the bore. The result of this phenomenon is an increased number of
molecular interactions between the material and the die wall surfaces, leading to an enhanced
adhesive force, which resists the movement of the tablet upon ejection. The decay of the rough-
ness values decreases in amplitude along the compaction load interval, which means that
beyond a certain pressing stress, the compression limit of the surface asperities is attained,
yielding the maximum possible compact-die wall adhesion. The invariability of the latter at the
highest compaction loads means that, in these conditions, the amplitude of die wall friction and
thus of the value of the maximum ejection force are determined by the powder bed height and by
the residual die wall stresses in the compact. Moreover, if the compact-die wall adhesion is
strong enough, it may lead to a recompression of the tablet by resisting its advancement at the
start of the ejection process. This would lead to additional radial stress and to a slight increase in
the maximum ejection force.
It must be noted that the ejections carried out during the stress relaxation study benefit from
the relaxation of internal stresses during the 20 minute hold. Consequently, given the above, the
data obtained should mainly reflect the volume and thus the height reduction of the powder bed
under compression.
The increase in the maximum ejection force between the two lowest compaction loads noted
for Starch 1500® and Starcap 1500® is due to the augmentation of the number and strength of
the adhesive junctions between the die wall and the compact, coupled with an inconsequent
reduction in the latter’s height. The subsequent decrease in the maximum ejection force results
from the tablet-die wall adhesion reaching a constant stable value, while the compact height con-
tinuously decays under the influence of the compaction load.
The global augmentation of the maximum ejection force exhibited by the low-substituted
hydroxypropyl celluloses seems to be caused mainly by an increase in the residual die wall
forces holding the tablet in the die and by inefficient compact height reduction in the case of
LHPC LH-B1, given the magnitude of its maximum ejection force at the highest powder masses
and compaction loads.Page 172
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ejection force with regards to the compaction velocity are mixed: In this case, the compaction
load effects described above are modulated by the nature of the excipient and by the compaction
velocity, but also reinforced by the strain rate-induced pressing stress overshoot. Additionally,
capping of the tablet due to excessive elastic recovery upon unloading affects the radial die wall
force and may also present a physical obstacle to the ejection of the tablet, due to the cap com-
ing into disalignment with the die walls, through a tilt with respect to the vertical die axis, and
wedging in the die bore.
At the lowest compaction load, the maximum ejection force slowly increases with the compac-
tion velocity, in the case of the starches. This is in agreement with the unejected tablet surface
roughness data (c.f. Figure 7.2. and Appendix 3 Section A3.4.1. and Section A3.4.2.), which
exhibit an augmentation followed by a decay along the strain rate range at the minimum pressing
stress of 64 MPa (5 kN). This seems to be an illustration of unaltered strain rate sensitivity
behavior: The increasing compaction velocity limits time-dependent plastic flow, thus compromis-
ing the relaxation of stresses in the compact and in particular radial die wall forces. Moreover, in
addition to these events, the strain rate-induced pressing stress overshoot actually reinforces
radial stresses and possibly the formation of compact-die wall adhesive plastic junctions, without
a significant reduction in the powder bed height. This results in an enhancement of the friction
opposing the ejection process.
With regards to the LHPCs, the maximum ejection force displays a slight decay at the begin-
ning of the range, followed by an augmentation at the highest strain rates. This is an unusual
trend, as it does not actually reflect strain rate sensitivity. It seems that this behavior is linked to
the high die wall stress exhibited by these excipients: As observed in Chapter 5 Section 5.3. the
initial compaction velocity increase favors elastic recovery of the compact upon unloading, which
contributes to the relaxation of internal stresses and lowers its tendency to press against the die
wall. However, at the highest strain rates, this effect is overcome by the induced compaction load
overshoot, which promotes elevated radial die wall stresses holding the compact inside the die.
This is seconded by the unejected compacts surface roughness parameters (c.f. Figure 7.2. and
Appendix 3 Section A3.4.1. and Section A3.4.2.), which display a gradual decay along the com-
paction velocity interval, thus indicating an increase in the true contact area between the die wall
and the compact.
As the compaction load augments (10 and 15 kN / 127 and 191 MPa), all excipients exhibit a
global decrease in their maximum ejection force along the compaction velocity interval. This
behavior is pursued by LHPC LH-11 and within error by LHPC LH-B1 up to the maximum press-
ing stress. The strain rate-induced compaction load overshoot is becoming dominant at this
point: It is causing enough powder bed height reduction and promoting enough axial elastic
relaxation to obtain a significant decrease in radial die wall stresses and possibly weaken the
compact-die wall adhesive plastic junctions formed.
This is seconded by the fact that at the highest compaction loads, the surface roughness
parameters (c.f. Figure 7.2. and Appendix 3 Section A3.4.1. and Section A3.4.2.) of the une-Page 173
Ch7: Results & Discussion III: Characterization of The Final Tabletjected tablets reach their lowest values and become independent of the strain rate, thus making
the compact-die wall adhesion force a constant and eliminating its influence, not over the magni-
tude, but over the variations of the maximum ejection force.
At the two highest compaction loads, on the one hand, the lower masses (0.2, 0.3 and 0.4 g) of
Starch 1500® and Starcap 1500® display a global augmentation in their maximum ejection
forces with the compaction velocity. This is due to the fact that the final compacts are extremely
thin (as low as 2 mm for a 0.2 g compacts), which removes the limiting aspect of the adverse
effects of die wall friction, in spite of the smoothness of the tablet surface (Figure 7.2.). In other
words, the final tablets are free to recover elastically during unloading, thus relaxing a high por-
tion of die wall stresses and the friction force opposing the ejection process is reduced. Conse-
quently, the trend observed here is again an unbiased reflection of the compaction velocity
restricting the extent of time-dependent plastic flow and thus the relaxation of die wall stresses.
Moreover, some adhesion of the compacts to the top punch has been observed at high pressing
stresses. Consequently, as the thickness of a tablet decreases, it is partially dragged upwards by
the receding top punch during the unloading phase. This may cause a skew in the tablet align-
ment with the die walls, through a tilt relative to the vertical axis. The result is that the final com-
pact must wedge though the die bore during ejection, thus requiring a higher force to push it out
of the die.
The decay observed in the maximum ejection force through the range of compaction velocities,
in the case of 0.5 g compacts, is due to the high occurrence of capping in the starch-based excip-
ients with such thick tablets, as shown in Table 7.1. Moreover, Starcap 1500® compacts also
have a tendency to crack along their bottom faces. These damages to the final tablets caused by
the rupture of interparticulate bonds, intensely relax internal stresses, which is beneficial to the
ejection process, but not to the tablet production line.
The average values of the maximum ejection force are grouped in Figure 7.3. It seems that the
powders are grouped according to their chemical backbone, with regards to their response to the
compaction velocity. More clearly, the maximum ejection force of the starches increases with the
strain rate, or between the stress relaxation study and the strain rate sensitivity one, whereas the
low-substituted hydroxypropyl celluloses display the opposite behavior. This highlights the fact
that the starches are capable of efficiently relaxing stresses though plastic flow, but that this pro-
cess takes place at a slow pace. On the other hand, the LHPCs seem to possess higher plastic
deformation rates, as observed in Chapter 6 Section 6.3., which, through their excess, become a
liability. More clearly, through enhanced plastic flow, LHPC LH-11 and LHPC LH-B1 form
extremely strong adhesive junctions with the die wall, which results in intense friction. The latter
is evidenced by their generally low surface roughness values (c.f. Figure 7.2.), by the stick-slip
mechanisms observed in the ejection profiles presented in Figure 7.4. and by the hammering
noise emitted during the entirety of the ejection process. It seems that plastic flow-reducing effect
of increasing compaction velocities is beneficial to the low-substituted celluloses, since it reduces
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Ch7: Results & Discussion III: Characterization of The Final TabletFurther to the discrimination between the excipients according to their general chemical nature,
it seems that each of the two groups contains a "good" and a "bad" powder. This separation may
lie in the difference in particle sizes and shapes between the two starches and the two LHPCs.
Starch 1500® and LHPC LH-11 exhibit the two lowest maximum ejection forces due to their
close-packing abilities, provided by small particles and fibrous interlocking ones, respectively,
which, in both cases reduce the height of the powder bed. Starcap 1500® and LHPC LH-B1
exhibit similar maximum ejection force values, but in opposite situations, as explained above. It
seems that their substantial particle sizes promote stickiness and adhesion to the die wall as well
as a high contact area due to inefficient volume reduction.
7.2. THE FINAL TABLET: MECHANICAL STRENGTH AND SHAPE
7.2.1. TABLET HARDNESS
It is important to bear in mind that in this work, the tablet hardness is not meant as its formal
definition, i.e., the resistance of a sample to local permanent deformation, but as the term com-
monly used in industry, referring to the compact mechanical strength. The latter is obtained from
a diametral crushing test. The tablet mechanical strength is a result of all the deformation and
relaxation phenomena taking place during the tabletting process. The latter should give an indi-
cation of the tablet cohesion achieved through the formation of interparticulate bonds by plastic
deformation during the compaction phase, but also through their weakening by the stretching
effect of elastic recovery during the unloading phase.
Figure 7.5. (c.f. Appendix 3 Section A3.5.) shows that the tablet hardness increases with the
powder mass, with the compaction load and globally with the compaction velocity. Since the
compact mechanical strength is a consequence of the combination of plastic flow and elastic
relaxation taking place during compaction and unloading, respectively, these results should be in
agreement with the trends exhibited by the elastic and plastic deformation experimental indica-
tors, reported in Chapter 5 and in Chapter 6, respectively.
The compaction load promotes deformation in general through the input of mechanical energy
necessary for the rearrangement of the constitutive atoms or molecules in the material structure.
On the one hand, plastic deformation, enhanced by augmenting pressing stresses, results in an
improved and more homogeneous compact consolidation through the increase in the interpartic-
ulate contact area and augmented stress transmission. In other words, the strength and the num-
ber of interparticulate bonds increases, but also their distribution throughout the compact mass
becomes more even. On the other hand, augmenting elastic recovery weakens the tablet
through the stretching of interparticulate bonds. However, in reasonable tabletting conditions, the
effect of plastic flow should prevail and result in an evenly spaced array of strong interparticulate
bonds, able to withstand elongation without any major damage.Page 184
Ch7: Results & Discussion III: Characterization of The Final TabletThe powder mass controls the extent of deformation in general by scaling the quantity of
mechanical energy required for its deflection. In other words, at a given compaction load, as the
mass of excipient increases, the amount of mechanical energy available per constitutive atom or
molecule decreases, thus resulting in a limited displacement within the lattice. Also, augmenting
amounts of powder restrict volume reduction and stress transmission through friction between
their particles and particularly at the die wall. Consequently, the sequence of plastic flow and
elastic recovery takes place as described above, but to extents inversely proportional to the
amount of material compacted. In practice, this means that a thick tablet undergoes less plastic
flow and thus less consolidation, but also, less elastic recovery and thus less weakening than a
thin one. This results in an equivalence or only a slight difference between the two coherences
and thus relative mechanical strengths.
This reasoning may seem in opposition with the results obtained. However, the link becomes
clear once the mechanical testing protocol is taken into account: The tablet is indiscriminately
diametrically compressed until failure. More precisely, with the tablet lying on its side on a flat
surface, a flat-faced platen descends upon it and presses against the whole of its height. This
means that the tablet thickness determines its area of contact with the platen, an thus the amount
of material under compressive stress. Obviously, higher mass compacts require a more substan-
tial crushing force to undergo a fracture, which is in line with the results observed.
From the small difference between the average hardness values obtained in the stress relax-
ation and the strain rate sensitivity studies, observed in Figure 7.6., it seems that the 20 minute
relaxation time allows a respectable gain in hardness via extended plastic flow and consolidation.
The effect of the compaction velocity on the tablet hardness varies with the nature of the excip-
ient. More precisely, the starch-based powders exhibit the common strain rate sensitivity behav-
ior, coupled with the effect of the strain rate-induced compaction load overshoot, observed in
Chapter 5 and in Chapter 6. Under the first three compaction loads, the hardness of Starch
1500® and Starcap 1500® tablets displays a slight decrease between compaction velocities 0.17
and 1.67 mm.s-1, followed by an increase at the highest strain rates. This trend shifts towards a
global increase in the compact hardness along the compaction velocity interval at the highest
pressing stresses. This results from the limitation of time-dependent plastic flow and thus of com-
pact consolidation by the compaction velocity. This effect is gradually overcome by that of the
strain rate-induced compaction load overshoot, prominent at higher pressing stresses, which
promotes plastic deformation. Conversely, the low substituted celluloses exhibit a global increase
in their hardness values with the strain rate, regardless of the compaction load. In view of the
plastic deformation capacity displayed by these materials, it seems that the limiting effect of the
compaction velocity on the compact consolidation is only minor and that the beneficial influence
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Ch7: Results & Discussion III: Characterization of The Final TabletThe average hardness values displayed in Figure 7.6. Indicate that LHPC LH-11 forms the
strongest tablets, even reaching hardness values beyond the limit of the testing equipment. This
is understandable, given its plastic flow propensity, its lower axial elastic relaxation and the
mesh-like structure of its powder bed due to the fibrous nature of its particles, which ensure opti-
mal cohesion. The starches and LHPC LH-B1 fall into a close range of hardness values. Similarly
to LHPC LH-11, LHPC LH-B1 is prone to plastic deformation, however, this beneficial property is
lost to its poor packing behavior. Additionally, the high plasticity of LHPC LH-B1 is also responsi-
ble for elevated and damaging die wall friction through stick slip mechanisms observed during
ejection. The starches share similar plastic and elastic deformation properties, but differ in their
particle sizes. The fact that Starcap 1500® forms stronger tablets than Starch 1500® is some-
what surprising, given all previous results. The only available explanation here is that Starch
1500®’s small particle size hinders local plastic deformation and thus results in the formation of
weaker interparticulate bonds than Starcap 1500®.
Figure 7.6. Average Tablet Hardness Values
7.2.2. THE FINAL TABLET SHAPE AND SPECIFICITIES
The final tablet shape, which has deviated from a prefect cylindrical geometry along the tablet-
ting process, provides an indication of the dominant relaxation phenomena occurring during the






























Ch7: Results & Discussion III: Characterization of The Final Tabletand bottom faces and along the height of the compacts. The latter allow the reconstitution of the
final tablet section and thus of its average three-dimensional shape, under the assumption that it
is axisymmetric.
 In order to assess the effect of the compaction velocity on the final tablet shape, in Figure 7.7.
and in Figure 7.8. are presented the trines of two-dimensional profiles obtained for 0.5g tablets
formed under a compaction load of 191 MPa (15kN). The first set of compacts are obtained from
stress relaxation experiments and thus have benefited from a 20 minute holding time, while the
second set were produced at a high compaction velocity of 1.67 mm.s-1 (100 mm.min-1). The
average exaggerated final three-dimensional tablet shape derived from the latter is shown in
Figure 7.9.
 All powders display similar compact shapes, with only slight differences, which indicates that
the specific chemical nature of the material does not affect the overall sequence of relaxation
mechanisms followed by the compacts during the unloading and ejection processes. More pre-
cisely, this may be due to the fact that the four excipients are polymers of glucose. However, the
slight differences may lie in the relative intensities of the individual mechanisms involved in the
relaxation process.
The faces of the tablets remain globally parallel and the fact that the top one is concave and
the second one is convex indicates that the deformation proceeds in same direction. The latter
results from the axial expansion of the compact in the downward direction as it is being ejected,
but still completely inside the die: The compact circumferential surface is held in place by friction
at the die walls, so only its central portion is able to expand in the open space below it. In
extreme cases, this phenomenon is responsible for lamination of the tablet, as described in
Chapter 3 Section 3.1.3.1.
The radial bulge observed around the top circumference of the compact results from recom-
pressions taking place during the ejection phase: While the top punch presses against the tablet
in order to dislodge it from the die, static die wall friction prevents its movement until its is over-
come by the ejection force. This results in a recompression of the top half of the compact, due to
poor stress transmission, and contributes to the concentration of internal stresses in that loca-
tion. Relaxation of these stresses may only take place when the compact exits the die because it
is prevented by the compressive load exerted by the top punch during the whole of the ejection
process. The top edge of the tablet resists diametral expansion because it has been strength-
ened by the intense shearing force present at the point of contact between the top punch, the die
wall and the circumference of the tablet/powder bed during the both the compaction and the ejec-
tion phases.
The less prominent flared shape of the tablet bottom results from its diametral expansion as it
begins to protrude from the bottom of the die. The lower intensity of this effect, as opposed to
that of the previous deviations from the ideal cylindrical shape described, is due to the fact that
the axial elastic relaxation of the compact during unloading has depleted most of the elastic










































































































































Ch7: Results & Discussion III: Characterization of The Final TabletThe previously described expansions which have taken place at the tablet extremities are
responsible, through the law of matter conservation, for the contraction observed around its mid-
section.
The compaction holding time slightly affects the intensity of the distortions in the final compact
shape: The concavity and convexity of the tablet faces seem more pronounced in the case of the
high compaction velocity experiment; however, the warps in the compact height appear similar in
both tabletting configurations. This may be due to the fact that at high strain rates, the tablet has
less time to relax elastically during the decompression phase, which renders its downward axial
relaxation during ejection more intense.
Slight differences appear between the two types of excipients. The low-substituted hydroxypro-
pyl celluloses display continuous concavities and convexities in their tablet faces, while the
starches exhibit a flattening and even a central upward expansion. This seems to be a remnant
of the intense axial elastic relaxation exhibited by the latter materials during the unloading of the
their compacts. More precisely, due to their slower plastic deformation and the weaker powder
cohesion achieved, the starches exhibit a more flexible tablet structure, which is more readily
reflects the effects of individual distortion phenomena, as opposed to the rigidity of the LHPC
compacts which deform as a continuous rigid mesh.
Figure 7.9. Exaggerated Average Final Tablet Shape Computed from the Two‐
Dimensional Experimental Profiles and the Assumption of AxisymmetryPage 193
Ch7: Results & Discussion III: Characterization of The Final TabletFinally, it should be noted that contrary to all other excipients, Starcap 1500® exhibits a high
propensity for final tablet damage. In spite of its high hardness values, it is displays the erosion,
during ejection, of the bottom half of its tablets formed at high powder masses and low loads, as
illustrated in Figure 7.10. a, which is a result of poor interparticulate bonding and poor stress
transmission. At higher pressing stresses and velocities, it is prone to the cracking of the bottom
face of the final compact into two to four pieces, as observed in the corresponding profile in
Figure 7.8. (the downward spikes correspond to the crack and should be facing upward in order
to reflect the true geometry of the crack) and as depicted in Figure 7.10. b. This results from
extensive diametral elastic recovery, mainly during ejection. Moreover, a hollow ring is formed
along the circumference of the top face of the tablets, as shown in Figure 7.10. c. However, no














The data analyzed throughout this work have confirmed that the four excipients of interest, due
to their common polymeric nature, consolidate mainly by time-dependent plastic deformation and
display extensive elastic relaxation upon unloading. However, differences are observed in the
behaviors displayed throughout the tabletting process, via experimental parameters such as the
maximum stress transmission coefficient, the maximum ejection force and of course in the final
compact quality, characterized by its shape and mechanical strength. The latter lie in the subtle
proportions of plastic flow and elastic recovery taking place during each individual step of the
tabletting process and are influenced by the inherent powder properties, such as their particle
sizes and shapes as well as their chemical nature.
All powders consolidate by plastic deformation which causes an increase in the contact area
between particles through the filling of interparticulate voids. 
The starch-based excipients display an intermediate to high plastic deformation rate, which
ensures good interparticulate bonding. However, the latter effect is not strong enough to over-
come the weakening effect of increasing compaction velocities which limit the time available for
plastic deformation. 
Starch 1500®, with its small particles, is capable of achieving close packing with small voids to
fill, which facilitates stress transmission and homogeneous interparticulate bonding. However,
this low particle size results in localized hardness and the formation of numerous but weak inter-
particulate bonds. Nevertheless, this combination of factors is also responsible for low friction
through the formation of weak adhesive plastic junctions between the material and the die wall,
thus facilitating the volume reduction process. It is also possible that, through the deposition of a
thin film of polymer on the die wall, Starch 1500® exhibits a limited form of self-lubrication, similar
to that observed by Briscoe and Tabor (1975) for polythenes. The low adhesion observed
between the compact and the die wall allows substantial relaxation of internal stresses through
the axial elastic recovery taking place during unloading. The latter process unfortunately causes
the stretching and the weakening of interparticulate bonds, thus compromising the compact
integrity, but it also disrupts the weak plastic junctions responsible for the adhesion between the
material and the die wall, thus preparing the tablet for a smooth ejection. Unfortunately, the
weaker interparticulate bonds formed initially result in the lowest final compact mechanical
strength.
Starcap 1500®, on the other hand, is a granule and thus has a larger particle size than Starch
1500®, which results in wider interparticulate voids, causing poor stress transmission and a poor
densification of the powder bed, responsible for low cohesion in the bottom half of the final tablet.
This seems to be compensated by the local deformability of the particles which is responsible for
the strength of the bonds formed between them. However, the strength of these plastic junctions
also manifests itself in the adhesion of Starcap 1500® to the die wall, thus contributing to friction.Page 195
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of the Starcap 1500® particles, which may cause the deposition of a polymer films too thick to
allow the sliding of the bulk material upon it. This may also be caused by the presence of native
starch granules in this excipient’s composition. Upon decompression, the axial elastic relaxation
of the compact is hindered by the die wall friction described and results in the presence of resid-
ual radial stresses which result in elevated ejection forces and extensive stick-slip behavior. This
results in the erosion of the bottom half of the final compact, through the disintegration of the
widely spaced lattice of interparticulate bonds. Additionally, the residual internal stresses may
only be relaxed through diametral expansion, as the final tablet emerges from the die, resulting in
cracks appearing in its bottom face. Nevertheless, the remainder of the compact benefits from
the strong interparticulate bonds initially formed and displays a respectable mechanical strength.
The low-substituted hydroxypropyl celluloses possess a very high plastic deformation rate
which ensures that the consolidation process is minimally affected by increasing compaction
rates. Unfortunately, this beneficial property, through its excess, becomes a liability: through
intense plastic flow, these materials for strong adhesive plastic junctions with the die wall, thus
reinforcing the corresponding friction, which hinders the volume reduction process.
LHPC LH-11, due to the shape of its particles, possesses a mesh-like structure of randomly ori-
ented, stacked, interwoven and interlocked fibers. This ensures exceptional consolidation upon
loading. However, the intense die wall friction described above results in poor stress transmis-
sion and volume reduction. The strong compact-die wall adhesion prevents satisfactory axial
elastic expansion during the decompression phase and thus the relaxation of stresses is more
than incomplete, resulting in a high residual die wall force which is responsible for elevated ejec-
tion forces. The combination of the latter factors causes much recompression of the compact as
it is pushed out of the die, thus resulting in intense stick-slip behavior. However, the final compact
cohesion, enabled by the fibrous nature of the LHPC LH-11 particles, eventually prevails and is
confirmed by the exceptional hardness exhibited.
LHPC LH-B1 possesses similar packing properties to Starcap 1500®, given its particle size
and shape. Consequently the tablet coherence achieved through its exceptional plastic deforma-
tion propensity should be satisfactory. However, as in the case of LHPC LH-11, the compact-die
wall friction caused by the latter should take a larger toll on the volume reduction and stress
transmission properties. Similarly, to the case LHPC LH-11, LHPC LH-B1 tablets undergo
improper elastic recovery and stress relaxation upon unloading which result in high residual die
wall forces. The latter, in conjunction with the strong compact-die wall adhesion, are responsible
for higher ejection forces and stick-slip behavior which may be damaging to the weaker structure
of the tablet. Nevertheless, the strength of the interparticulate bonds formed by plastic flow pre-
vails, as illustrated by satisfactory hardness.Page 196
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The set of experimental indicators presented in this chapter closely complement each other,
and tie together all the experimental observations made in this work.
The maximum ejection force allows a direct evaluation of the static friction force generated
between the unloaded tablet and the die wall. More precisely, it accounts for the compact-die wall
adhesion caused by plastic flow during the compaction phase, the residual die wall force and the
relaxation of stresses. Due to its inherent nature, the maximum ejection force is a true practical
representation of the corresponding phenomenon and contributes valuable information to the
study. In conjunction with the ejection profiles, it allows an investigation of the contribution of
plastic flow to die wall friction and of the effects of the relaxation phenomena occurring during the
unloading and ejection stages of the tabletting process.
Laser profilometry is a powerful tool for the practical assessment of the surface roughness and
the shape of the final tablet. The former yields an indication of the evolution of true compact-die
wall contact area, which, as a component of the friction force opposing the ejection process,
completes the ejection data discussed above. As an efficient non-destructive imaging technique
laser profilometry also provides a visualization of the tablet cross section through two-dimen-
sional profiles of the top and bottom faces and of the tablet height. This allows a reconstitution of
the final tablet shape and, through the observation of its deviation from an ideal cylindrical geom-
etry, it permits the analysis of the relaxation processes taking place during the unloading and
ejection phases. Moreover, as an imaging technique, laser profilometry provides a pleasant con-
crete feel to the study.
Finally, the tablet hardness is a measure of the actual crushing strength of the final compact
and provides an evaluation of the tablet’s cohesion. The latter is a practical evaluation of the
resistance of the tablet to manipulation, storage and distribution. Moreover, through calibration, it
can be used as an indirect indication of the tablet dissolution time, which plays an important role
in the administration and the desired delivery time of the drug. The information obtained should
confirm the conclusions drawn on the consolidating effect of plastic flow, but should also yield an
indication of the compact weakening or damaging effects of the axial elastic recovery phenome-
non occurring during unloading and of the relaxation processes taking place during ejection.
7.5. RESULTS SUMMARY
Through the analysis of the maximum ejection force, of the unejected compact surface rough-
ness, of the mechanical strength and shape of the final tablets, this chapter ties together all the
experimental results presented in this work and provides an explanation for the tabletting behav-
ior of the four pharmaceutical excipients of interest. 
The observation of the maximum ejection force in conjunction with the unejected compact sur-
face roughness allows to separate the effects of the die wall friction and of the residual radial
stresses. It appears that beyond a certain pressing stress, the strength of the tablet-die wallPage 197
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ling factors of the maximum ejection force.
The mechanical strength of the final tablets, shows how much of the initial plastic flow-induced
cohesion is retained after ejection and consequently, allows an estimation of the damaging
effects of relaxation processes such as axial and diametral elastic relaxation taking place during
the unloading phase and as the compact emerges from the die, respectively.
The analysis of the final compact shape, or more precisely, its deviation from an ideal cylindri-
cal geometry leads to an evaluation of the chronology and of the intensity of the different relax-
ation phenomena taking place during the unloading and ejection phases.
These results highlight the fact that the balance between plastic flow and elastic recovery is a
vital factor in the smooth running of the tabletting process.
It has been found that the self-lubrication properties of Starch 1500® arise from its intermediate
plastic deformation rate, which leads to weak but intensive and homogeneous interparticulate
bonding, but also to the formation of weak adhesive plastic junctions between the material and
the die wall. The latter are easily cleaved by elastic recovery upon unloading, which also relaxes
internal (radial) stresses, allowing for low ejection forces. Additionally, it has been proposed that
this excipient may display self-lubrication through the deposition of a thin polymer film, acting as
a slider, on the die wall, similarly to the mechanisms described in the case of polythenes by Bris-
coe and Tabor (1975). The structure of the tablet is globally weakened by intensive axial recov-
ery, resulting in low mechanical strength.
Starcap 1500® follows the same kind of trend, however, due to its particle size and to the fact
that it is a granule consisting of equal measures of Starch 1500® and native starch, consolidates
through the formation of an inhomogeneous distribution of stronger interparticulate bonds and
exhibits higher die wall friction. This leads to improper elastic relaxation and high ejection forces,
leading to the weakening of the final tablet structure, going as far as its break-down through
stick-slip behavior.
The LHPCs undergo intensive consolidation through high velocity plastic deformation. How-
ever this also results in the formation of strong adhesive plastic junctions with the die wall. The
latter result mainly in improper internal stress relaxation through elastic recovery upon unloading
and the presence of radial die wall forces. The latter, in combination with the compact-die wall
adhesion lead to much stick-slip behavior and to the requirement for elevated pressing forces
during the ejection process. The two powders are differentiated by their particle shapes: LHPC
LH-11 possesses fibrous particles which, through the formation of a tight-knit mesh structure,
endow its tablets with incomparable mechanical strength. LHPC LH-B1, however, has a similar
morphology to Starch 1500® and Starcap 1500® and consequently undergoes the structure-
weakening effects of the successive relaxation phenomena involved in the tabletting process.
Nevertheless, its outstanding plastic flow propensity confers it a respectable final tablet cohesion.Page 198
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A preliminary elucidation of the mechanisms underlying the tabletting behaviors of Starch
1500®, Starcap 1500®, LHPC LH-11 and LHPC LH-B1 has been carried out here. The knowl-
edge of the latter should allow the optimization of the compaction conditions of these materials.
However, in view of their individual strengths and weaknesses, the latter should not be used
alone, but in combination with other excipients, in a formulation. Moreover, it must be borne in
mind that satisfactory tablet properties are relative to the application desired: Mainly, the final
compact mechanical strength should be high enough to allow it to withstand handling and distri-
bution, but it should also be low enough to ensure a quick enough dissolution of the tablet in the
digestive tract for the effects of the drug substance to take effect within a reasonable time.
The experimental study proposed in this work is meant to lead to a quick and efficient charac-
terization of a pharmaceutical powder of interest. However, more specific experimental methods
are required to confirm the interpretations made here. The powder consolidation and packing
mechanisms could be elucidated by SEM imaging of sections of the final compacts. The contri-
bution of residual die wall stresses to ejection forces could be investigated through the ejection of
compacts from lubricated dies which would suppress the die wall friction component. With more
resources, a compaction simulator could be used, which would be able to record upper and lower
punch stresses, as well as radial die wall forces. Nanoscopic material testing methods such as
nano-indentation could be used to evaluate the hardness as well as the material properties of the
excipient particles themselves, in order to determine whether the powder bed should be consid-
ered as individually deforming particles or as a continuum.Page 199
This thesis presented an experimental study designed for the characterization of the tabletting
behaviors of four excipients of choice, namely, Starch 1500®, Starcap 1500®, LHPC LH-11 and
LHPC LH-B1, with two specific aims: 
Firstly, the mechanisms underlying the tabletting performance of the powders were investi-
gated, with a special focus on the origins of possible self-lubrication phenomena, attributed to the
display of high stress transmission as well as low ejection forces, and capping propensities.
Moreover, a general assessment of the practical value of each excipient in the frame of pharma-
ceutical tablet production was conducted.
Secondly, with the aim of developing an efficient and robust experimental study allowing a reli-
able and quick characterization of the tabletting behavior and performance of a desired powder
with limited resources, the reliability, information content and limitations of the experimental indi-
cators used in this work were reviewed.
Results were presented and discussed in the chronological order of the physical phenomena
underlying the different phases of the tabletting process.
Firstly, an overview of all physical phenomena contributing to the compaction and decompres-
sion processes was provided by the Global Work of Compaction (WC).
The elastic components of the powders were evaluated through the analysis of the effects of
the compaction load, the amount of excipient and the compaction velocity on the elastic deforma-
tion work (WE) and the tablet axial (AER) and diametral (DER) elastic relaxations. 
The plastic deformation propensities and the viscoelastic behavior of the set of excipients of
interest were characterized via a three-part study. Firstly, a global evaluation of the powder bed
volume reduction capacity, mainly through plastic flow was provided by the work of plastic defor-
mation (WP). Secondly, the time dependence of plastic flow was ascertained through a strain rate
sensitivity study conducted on four experimental indicators providing an indirect qualitative eval-
uation of plastic deformation. The latter were the Heckel Yield Stress (σyH) and Kawakita param-
eter b, which represent the material’s resistance to deformation, as well as Kawakita constant a
and the maximum stress transmission coefficient (STCM), which reflect the volume reduction
capacity of the powder bed ultimately through permanent deflection. Thirdly, the viscoelastic
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Ch8: Conclusionsbehaviors of Starch 1500®, Starcap 1500®, LHPC LH-11 and LHPC LH-B1 were quantified in a
stress relaxation study, through the determination of their initial (SRR0), final (SRRF) and aver-
age (SRRAv) stress relaxation rates, as well as their proportion of stress lost during relaxation
(ΔPM). Also, a new approach, based on the driving force theory used to model mass transfer pro-
cesses was proposed for the analysis of stress relaxation curves obtained for powder beds.
Finally, the maximum ejection force, used in conjunction with the unejected compact surface
roughness served to evaluate the relative magnitudes of die wall friction and of residual die wall
stresses. The mechanical strength, here termed hardness, of the final tablets allowed an estima-
tion of the final particle cohesion achieved through the combination of plastic deformation and
elastic recovery. Lastly, The analysis of the final compact shape gave a confirmation of the chro-
nology and of the intensity of the different relaxation phenomena taking place during the unload-
ing and ejection phases.
8.1. TABLETTING BEHAVIORS AND PERFORMANCES OF STARCH
1500®, STARCAP 1500®, LHPC LH‐11 AND LHPC LH‐B1
The major finding of this work is the importance of the adhesive junction strength obtained from
plastic flow between particles and between the material and the die wall. The latter govern a
powder’s tabletting performance by controlling the extent and efficiency of interparticulate bond-
ing, but also the magnitude of die wall friction. Moreover, it is important to bear in mind that the
particle morphology, through local deformability or lack thereof, specifically contributes to the
strength and distribution of the plastic junctions formed. The latter are eventually weakened by
the stretching action of dimensional elastic relaxation processes. Finally, axial elastic recovery
upon unloading has been identified as the main stress relaxation mechanism, lowering radial die
wall forces which hold the compact inside the die and hinder the ejection process.
The deformation phenomena underlying the tabletting process are modulated by the produc-
tion parameters: The compaction load is a driving force for deformation in general, the powder
mass controls the magnitude of the resistance opposed to deflection by the powder bed and the
strain rate limits the time available for time-dependent plastic flow.
It has been shown that the tabletting behaviors of Starch 1500®, Starcap 1500®, LHPC LH-11
and LHPC LH-B1 result from the combination of their plastic flow propensities, the stretching of
previously formed interparticulate bonds by their elastic relaxation inside the die and the shapes
and sizes of their particles which determine the closeness of the packing of their powder beds.
8.1.1. STARCH‐BASED EXCIPIENTS
Due to the slow but extensive plastic deformation of the material, Starch 1500® and Starcap
1500® particles are capable of forming plastic junctions of satisfactory strength. Unfortunately,
the latter is adversely affected by the time-limiting effects of high compaction rates. Due to their
morphology, Starch 1500® may display a certain hardness which results in the generation ofPage 201
Ch8: Conclusionsinterparticulate bonds of low strength, but also in the formation of weak adhesive plastic junctions
with the die wall, which are responsible for low friction. Starch 1500®’s self-lubrication properties
may result from the latter phenomena. Conversely, due to its granular nature, Starcap 1500® dis-
plays localized ductility and is capable of producing strong interparticulate bonds, but also a high
adhesive and thus frictional force between the particles and the die wall. Starch 1500®’s low par-
ticle size and reduced die wall friction allow the powder bed to attain a close and homogeneous
packing state, with high stress transmission. This results in the consolidation of the compact
through the formation of a homogeneous array of intermediate strength interparticulate bonds.
Conversely, due to its larger particles and more elevated die wall friction, Starcap 1500® packs
more loosely and transmits stress poorly. This causes the powder bed to consolidate through the
formation of an uneven array of strong interparticulate bonds. More precisely, the interparticulate
bond strength decreases roughly in the bottom half of the final compact. The elastic recovery of
the tablets during unloading causes the relaxation of internal stresses accumulated during the
compaction phase, by stretching and weakening the plastic junctions previously formed, between
the powder particles, but also between the materials and the die wall. The latter sequence of
phenomena is more pronounced in Starch 1500® than in Starcap 1500®, due to the relative
strengths of their plastic junctions. Consequently, Starch 1500® exhibits low residual die wall
forces and reduced die wall friction, which promote a smooth ejection. However, the intense axial
elastic recovery undergone may also cause capping through the rupture of weakened interpartic-
ulate bonds. Conversely, Starcap 1500® displays elevated ejection forces and damaging stick-
slip behavior which may go as far as to cause the erosion of its bottom half of the compact during
the ejection process. Following the latter sequence of events, Starch 1500® yields a cohesive
tablet of intermediate mechanical strength. On the other hand, the Starcap 1500® compact dis-
plays a strong tendency for intense diametral expansion as it emerges form the die, due to the
incomplete relaxation of stresses during decompression. This leads to the formation of cracks on
its bottom face. Nevertheless, Starcap 1500® forms tablets of reasonable mechanical strength,
higher than that of Starch 1500®.
8.1.2. CELLULOSE‐BASED EXCIPIENTS
The LHPCs possess a high plastic deformation rate, the effects of which are virtually unaf-
fected by the time-limiting effect of elevated compaction velocities. The latter allows these two
excipients to form extensive plastic junctions between their particles, but also with the die wall,
which results in a high adhesion and thus frictional force. LHPC LH-11 possesses fibrous parti-
cles which arrange themselves through stacking, interweaving and interlocking, into a tight-knit
incompressible mesh structure, possessing a large interparticulate contact area. Despite poor
stress transmission caused by its high die wall friction and poor volume reduction, the LHPC LH-
11 powder bed produces a compact of exceptional mechanical strength. Conversely, LHPC LH-
B1 has a particle morphology similar to that of Starch 1500®. The latter, in combination with ele-
vated die wall friction and low stress transmission contributes to the formation of an inhomoge-
neous but strongly consolidated tablet. The substantial die wall adhesion generated by thePage 202
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ery upon decompression. The latter, in conjunction with the density distribution generated in
LHPC LH-B1 compacts, is responsible for the occurrence, however uncommon, of capping. The
strength of the LHPC LH-11 tablets’ mesh structure prevents capping, however extreme the com-
paction conditions, which explains its traditional use as an anti-capping agent. Nevertheless,
inconsequential cracks may appear at the compact surface. The high residual die wall stress and
the strong LHPC-die wall adhesion contribute to elevated ejection forces and to substantial stick-
slip behavior which produces small cracks in the final compact circumferential surface. LHPC
LH-B1 forms tablets of similar structure as Starch1500®, but its exceptional plastic flow propen-
sity confers them much higher mechanical strength. LHPC LH-11 produces compacts of incom-
parable hardness.
8.1.3. FURTHER REMARKS
The knowledge of the tabletting behaviors of Starch 1500®, Starcap 1500®, LHPC LH-11 and
LHPC LH-B1 could lead to adoption of process parameters tailored to each material and thus
yielding compacts of the desired quality. However, this would not be an economically sound
endeavor.
 Each excipient possesses positive as well as negative qualities with the regards to tabletting
performance: Starch 1500® exhibits self-lubrication properties, but, as a result, forms compacts
of low mechanical strength. Starcap 1500® requires high compaction loads to achieve satisfac-
tory consolidation, but yields stronger tablets. LHPC LH-B1 is a more cohesive version of Starch
1500®, but requires powerful ejections. Finally, LHPC LH-11 confers exceptional mechanical
strength and anti-capping properties to its compacts, but similarly to the latter, at the cost of diffi-
cult ejections.
In the frame of this experimental study, LHPC LH-11 stands out as the best excipient for effi-
cient tabletting, due to its superior consolidation through plastic flow, its low strain rate sensitivity,
its intermediate ejection forces and finally, due to its incomparable final compact hardness. The
next preferred material is Starch 1500® whose self-lubrication properties represent enough com-
pensation for its low final tablet mechanical strength. The latter is followed by LHPC LH-B1 which
displays an overall average tabletting performance. Finally, due to the fact that it is designed not
for compaction, but for capsule filling, Starcap 1500® yields the poorest tabletting results. Never-
theless, this material does allow the successful formation of a coherent compact, which makes it
potentially useful in a formulation.
These observations raise the problem of quantifying satisfactory tabletting behavior. Aside
from the fact that the tabletting process should result in the smooth formation and ejection of an
undamaged compact, the mechanical strength of the latter should be appropriate for its desired
application. A tablet should be cohesive enough to withstand manipulation, storage and distribu-
tion, but is should also dissolve readily enough to ensure that the active substance takes effect
within the desired timescale. This seems highly unlikely in the case of LHPC LH-11. The fact thatPage 203
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reasonably negative one leads to the conclusion that they should not be used alone in a formula-
tion. The combination of the materials characterized here, among themselves or with other pow-
ders in order to confer their positive qualities to a formulation without the adverse effects would
yield the best results. For example, a mixture of Starch 1500®, Starcap 1500® and LHPC LH-11
would produce a cohesive formulation which does not cap, but possesses low ejection forces
and low enough mechanical strength to disintegrate in the digestive tract within a desired time.
Moreover, prior to the obtention of the final compact, the formulation must be prepared and
transported to the tabletting apparatus. This involves the flow and mixing properties of the excip-
ients, since, without a homogeneous powder mixture flowing smoothly down the hoppers, the die
filling process, the active substance dosage and the final tablet mass would be inconsistent and
unreproducible. Starch 1500®, and LHPC LH-B1, as well as LHPC LH-11 are expected to flow
poorly due to aggregation and sticking tendencies stemming from their low particle sizes and
from their fibrous morphology, respectively. Starcap 1500®, on the other hand, should display
consistent die filling due to its granular nature. Consequently, the formulation proposed above
would display acceptable flowability.
8.2. OPTIMIZATION OF THE EXPERIMENTAL STUDY
The major outcome of this design is the fact that the stress relaxation study alone suffices to
characterize the viscoelastic behavior of a powder, which plays an important role in each step of
the tabletting process: The occurrence of plastic flow is evidenced by the presence of stress
decay during the holding time, or lack thereof. Subsequently, the stress relaxation rate of the
material may be quantified from the slope of the experimental curve. The results obtained are
complemented and confirmed by the data gathered from the axial (AER) and diametral (DER)
elastic relaxations, the maximum stress transmission coefficient (STCM), the maximum ejection
force and profile, the tablet surface roughness parameters (Ra and Rq), as well as the final tablet
hardness and shape. The latter set of experimental indicators allows a preliminary elucidation of
the physical mechanisms governing the sequential phases of the tabletting process.
The experimental study proposed in this work is meant to lead to a quick and efficient charac-
terization of the pharmaceutical powders of interest. Consequently, only the reliable and informa-
tion-rich experimental indicators should be retained.
The experimental parameters rejected from the battery of tests were the Global Work of Com-
paction (WC), the work of elastic deformation (WE) and the work of plastic deformation (WP), the
Heckel Yield Stress (σyH) and the Kawakita constants (a and b). The main reasons for these
choices are the following: The WC, WE and WP may have a value in fundamental research, how-
ever, in the context of a practical characterization, these parameters, even in conjunction with
other experimental indicators, do not allow to clearly assess or discriminate between the con-
crete effects of elastic and plastic deformation on the compact consolidation process. More pre-
cisely, due to their abstraction, the WC, WE and WP do not provide a clear representation of thePage 204
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phases. The validity of the Heckel and Kawakita equations, which represent the densification or
the volume reduction of the powder bed under load, has always been subject to debate, due to
their questionable physical bases. Further, the parameters derived from these two relations lack
a sound practical interpretation and do not allow to elucidate the sequence of deformation and
relaxation phenomena taking place during the formation of a compact.
Consequently, the optimization of this experimental study results in the recommendation of the
following set of experimental indicators: the axial (AER) and diametral (DER) elastic relaxations,
the maximum stress transmission coefficient (STCM), the stress relaxation parameters consisting
of the initial (SRR0), final (SRRF) and average (SRRAv) stress relaxation rates, as well as the
proportion of stress lost during relaxation (ΔPM), the maximum ejection force and profile, the tab-
let surface roughness parameters (Ra and Rq), the final tablet hardness and shape. The main
justifications for this selection are the following. Firstly, most of these parameters are true pro-
cess variables, i.e. they are a direct measure of the outcome of the corresponding stage of the
tabletting process and give a concrete representation of it. Secondly, the combined analysis of
the corresponding experimental results has allowed the elucidation of the sequence of physical
phenomena underlying the tabletting behaviors of the four excipients of interest. Below is listed
the specific information yielded by each experimental indicator:
The axial and diametral elastic relaxations provide a qualitative indication of the extent of the
tablet interparticulate bond stretching and thus weakening, as well as the extent of internal stress
relaxation occurring during the unloading phase under the hindrance of die wall friction.
The maximum stress transmission coefficient is a measure of the degree of volume reduction
and the potential degree of compact consolidation achieved through elastic and mainly plastic
deformations, but under the hindrance of die wall friction.
The stress relaxation parameters SRR0, SRRF, SRRAv and ΔPM offer an elegant quantification
of viscoelastic behavior: They give a measure of the stress relaxation rate and its effects at key
times of the stress relaxation process with the inclusion of the influence of elastic deformation. A
more efficient characterization of the plastic deformation process could be achieved through the
development of a stress relaxation model, possibly based on the driving force theory, describing
the stress relaxation curve via a linear combination of exponential decay functions.
The maximum ejection force is a direct measure of the static friction force generated between
the unloaded tablet and the die wall. The latter results from the compact-die wall adhesion via
plastic junctions and the residual die wall stresses present in the compact. The maximum ejec-
tion force would be complemented by the ejection profile, which may be used to postulate the
sequence of the relaxation phenomena and to detect damaging stick-slip behavior taking place
as the compact is pushed out of the die.
The surface roughness of the unejected tablet gives an estimation of the surface specific adhe-
sion force achievable between the compact and the die wall through the formation of plastic junc-
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permits the postulation of the sequence relaxation processes taking place during the unloading
and ejection processes. 
Finally, the tablet hardness provides a measure of the degree of survival of the initial interpar-
ticulate bonds formed by plastic flow, to the stretching action exerted upon them by the axial
elastic recovery of the tablet during unloading. Moreover, through calibration, this parameter can
be used as an indirect indication of the tablet dissolution time, which plays an important role in
the administration of the drug.
8.3. QUANTITATIVE IDENTIFICATION OF SELF‐LUBRICATION
Throughout this thesis, the mechanisms of compact formation, relaxation and ejection, as well
as the phenomenon of self-lubrication have been discussed qualitatively. This is due to the
absence of relevant quantitative data in the literature. However, the identification of the potential
for self-lubrication behavior in a chosen excipient from the values of a defined set of adequate
experimental parameters would be extremely useful in the development of a formulation.
Consequently, since Starch 1500®, Starcap 1500®, LHPC LH-11 and LHPC LH-B1 display
self-lubrication and anti-capping properties, the corresponding ranges of values observed for the
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Ch8: Conclusionsbut could serve as a preliminary reference for the characterization of other organic polymers
used in pharmaceutical tabletting.
As defined previously, self-lubrication behavior manifests itself primarily in the form of high
stress transmission and low ejection forces. These observations stem mainly from the viscoelas-
tic properties of the material. Firstly, extensive plastic flow is required to ensure the consolidation
of the compact, which leads to high stress transmission and the relaxation of internal stress gra-
dients. These characteristics are quantified by elevated plastic flow rates (SRR0 and SRRF), a
substantial depletion of the applied load with time (ΔPM) and a large value of the maximum stress
transmission coefficient (STCM). Secondly, the tablet internal stresses and specifically the radial
die wall stresses should further be relaxed through its axial expansion upon unloading, which is
here quantified by the AER. The latter also causes the cleavage of the adhesive plastic junctions
formed between the compact and the die wall, which are responsible for friction during ejection.
Finally, the maximum ejection force is proportional to the amount of friction obstructing the tab-
let’s advancement out of the die during the ejection process, and should be as low as possible.
8.4. FINAL REMARKS AND RECOMMENDATIONS
The experimental study proposed in this work is meant to lead to a quick and efficient charac-
terization of a pharmaceutical powder of interest. However, certain elements of the investigation
could be improved, furthered or confirmed, while the obtention of additional pieces of information
would allow an assessment of the powders’ value over the whole of the tablet production line,
i.e., from the raw starting materials to the final compact.
Evidently, the bias of the strain-rate induced compaction load overshoot should be eliminated,
possibly through the use of a mechanical press of different build, in order to confirm the interpre-
tation of the plastic flow limiting effect of the compaction velocity.
A more specific assessment of the effects of the axial elastic recovery could be obtained by
separating the total axial elastic relaxation (AER) considered here into its two successive compo-
nents: the axial recovery taking place upon unloading and the axial recovery occurring during
ejection. This would require an accurate identification of the point of contact between the top
punch and the compact, i.e. the minimum force generated, at the beginning of the ejection step,
through sensitive load measurements. Also, the axial expansion of the tablet during ejection
could be monitored through the use of a laser displacement sensor placed below the die. The lat-
ter investigation would contribute to confirming that axial elastic recovery is the major mechanism
causing internal stress relaxation during the unloading phase.
The previous study would be complemented by a determination of the influence of the unload-
ing velocity on the stress relaxation efficiency of the axial elastic recovery phenomenon. More-
over, the latter would present a possibility for minimizing the weakening of interparticulate bonds
through their stretching, as well as the potential for tablet damage.Page 207
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ejection rate on the efficiency of the corresponding process and on the final tablet mechanical
strength.
The final compact mechanical strength results would be complemented by a and evaluation of
the tablet disintegration and dissolution times, as well as an assessment of the API release pro-
file. The reason for this being that the final drug delivery purpose of the tablet must be borne in
mind: It should be strong enough to withstand handling and distribution, but it should also disinte-
grate quickly enough in the digestive tract for the effects of the active substance to take effect
within a reasonable time, without toxic concentration peaks.
Unfortunately, due to the limitations of the Instron® 5581 Universal Materials Testing Machine
(Instron®, High Wycombe, UK), it was not possible to attain compaction velocities encountered
in the frame of industrial production. Consequently, extending the present study to these types of
conditions, through the use of a compaction simulator or of an appropriately instrumented small
scale tabletting press, would provide a characterization of practical value in the industrial frame.
The powder consolidation and packing mechanisms could be elucidated via imaging tech-
niques such as Scanning Electron Microscopy. Images of the sections of the final tablets
obtained at increasing compaction loads would show the progress of the densification process
through the formation of interparticulate plastic junctions.
The contribution of residual die wall stresses to the ejection forces could be investigated
through the ejection of compacts from lubricated dies which would suppress the die wall friction
component. With more resources, a compaction simulator could be used, which would be able to
record upper and lower punch stresses, as well as radial die wall forces.
The contribution to the ejection forces of the compact-die wall adhesion through plastic junc-
tions could be evaluated via a friction study on a relaxed tablet produced in a split die. Removal
of one half of the die while ensuring that the compact remains adhered to the remaining half
would allow relaxation. The friction/adhesion force measurement could be conducted with a spe-
cial horizontal punch arrangement preventing the tablet from falling out of the die bore under the
influence of gravity, and a sensitive low value load cell.
Nanoscopic material testing methods such as nano-indentation could be used to evaluate the
hardness as well as the material properties of the excipient particles themselves, which could
confirm the postulate that local particle deformability is linked to its size and yield a microscopic
view of the consolidation and die wall adhesion mechanisms.
Of course, this study would be complemented by the characterization of tablet properties per-
taining to other aspects of the tablet production and quality control line. On the one hand, the flow
and mixing properties of the powders play an important role in the formulation preparation and its
transport to the high velocity press. On the other hand, the water uptake capacity and mecha-
nisms of the material as well as of the final compact control the tablet disintegration time and the
drug delivery profile.Page 208
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Appellations Partially Pregelatinized Starch, compressible starch,
PPGS, Sta-Rx 1500® (AE Staley Manufacturing Co.; Colorcon Ltd; original name for Starch 1500®), 






















Practically insoluble in organic solvents




Hygroscopic, ~ 11% for 50% RH




5.2 for a 10% w/v aqueous dispersion 20-25ºC
Applications
Colorcon, 2005a
Binder, Disintegrant, Flow Aid, Lubricant
Direct Compaction, Granulation, Capsule Filler






















        
Solubility
Kibbe, 2000
Low solubility in organic solvents and cold water
Moisture Content
Kibbe, 2000
Hygroscopic, ~ 11% for 50% RH




5.9 for a 10% w/v aqueous dispersion 20-25ºC
Applications
Colorcon, 2005b
Capsule Filler, Disintegrant, Direct Compression






















By  the  same mechanism,  the hydroxyl‐propyl group  can  carry on opening and adding propylene
oxide rings (polymerized hydroxypropyl group) to the cellulose molecule.
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11% (highest in the range of grades)
Solubility
Shin‐Etsu, 2005a
Insoluble (swells) in water and organic solvents
Forms a viscous turbid solution in 10% NaOHaq
Moisture Content
Kibbe, 2000
8% at 33% RH and 38% at 95% RH
pH
Shin‐Etsu, 2005c; Kibbe, 2000
6.7 in a 1% w/v aqueous suspension 20-25ºC
Applications
Shin‐Etsu, 2005 a & b
Anti-Capping, Disintegrant, Binder, Direct Compression, 
Granulation
Comments Meets JP and USP/NF specifications
Web http://www.rwunwin.co.uk/start.htm



























11% (highest in the range of grades)
Solubility
Shin‐Etsu, 2005a
Insoluble (swells) in water and organic solvents
Forms a viscous turbid solution in 10% NaOHaq
Moisture Content
Kibbe, 2000
8% at 33% RH and 38% at 95% RH
pH
Kibbe, 2000; Shin‐Etsu, 2005d
6.7 in a 1% w/v aqueous suspension 20-25ºC
Applications
Shin‐Etsu, 2005 a & b
Disintegrant, dry binder, Direct Compression
Comments
Shin‐Etsu, 2005a
Meets JP and USP/NF specifications
Web http://www.rwunwin.co.uk/start.htm




Universal Materials Testing Machine 5581, Instron®, High Wycombe, UK
Complete Description at: http://www.instron.co.uk/wa/products/universal_material/5580.aspx
Specifications
• Load Range: 50 kN
• Position Accuracy: ±0.02 mm or ±0.05% of displacement
• Crosshead Speed Accuracy: ±0.1% of set speed
• Load Accuracy: ±0.4% of reading down to 1/100 of load cell capacity,
±0.5% of reading down to 1/250 of load cell capacity
• Speed Range 0.001-1000 mm.min-1 (1.7·10-5 – 16.7 mm.s-1)
• Software: Merlin 8800, Instron®
http://www.instron.co.uk/wa/support/software/merlin/default.aspx
Top Load Cell
2525-802; 2525 Series Drop-through Static Load Cell (50 kN), Instron®, High Wycombe, UK
Complete Description at: http://www.instron.co.uk/wa/acc_catalog/detail.aspx?aid=14
Specifications
• Load Range: 50 kN
• Accuracy: ±0.3% of reading
• Type: Tension/Compression Load Cell
• Dimensions: Ø 80 mm x H 142 mm







• Model F074, Tool Steel
• Cylindrical, Ø 10 mm
• Flat-Faced punches
Courtesy of Merck Sharp and Dohme Ltd, Hertfordshire, UK
Compaction Jig
Stainless Steel 316
Designed and built at the Department of Chemical Engineering Workshop, Imperial College Lon-
don, UK
1 Instron® Mechanical Press Crosshead 9 Jig Top Plate
2 Instron® 2525‐802 Drop Through Load Cell 10 Jig Column
3 Top Punch Holder with Pin 11 Bottom Load Cell and Punch Aligner/Cover
4 Top Punch 12 Vertically Adjustable Bottom Load Cell Holder
5 Die 13 Bottom Load Cell
6 Bottom Punch 14 Jig Bottom Anchor
7 Punch and Die Set 15 Jig Bottom Plate































Model 53 Compression (Button) Load Cell, RDP Electronics Ltd, Wolverhampton, West Mid-
lands, UK
Complete Description at: http://www.rdpe.com/uk/slc53.htm
Specifications
• Load Range: 20 klbs (~ 90kN)
• Accuracy: 2% of reading
• Electrical Signal Output: 2mV/V
• Dimensions: Cell Ø 50.8 mm x H 25.4 mm; Button Ø
15.2 mm x H 3.1mm
• Material: 17-4PH Stainless Steel
Transducer Amplifier
S7DC DC Powered Strain Gauge Transducer Amplifier, RDP Electronics Ltd, Wolverhampton, 
West Midlands, UK
Complete Description at: http://www.rdpe.com/uk/s7.htm
Specifications
• Amplifier Gain Range: 1 to 1250
• Signal Input Range: 4 mV to 10V
• Dimensions: W 64 mm x L 98 mm x H 34 mm
• Material: Die-cast aluminium housing, protection class
IP65 (against solids and water)
Power Source
PSU 203, Lascar Electronics Ltd, Salisbury, UK
Complete Description at: http://www.lascarelectronics.com/temperaturedatalogger.php?loca-
tion=uk&datalogger=129
Specifications
• 15 / 240 V AC Input
• Two Variable Outputs
• Encapsulated Transformer
• Low Profile
• Screw Terminal ConnectionPage 256
Appendix 2: Detailed Specifications of the Experimental ApparatiAnalog Digital Converter and Interface Card
CIO-DAS08/JR, ComputerBoards Inc, now Measurement Computing Corp, Norton, MA, USA
Complete Description at: http://www.measurementcomputing.com/isa-data-acquisition/CIO-
DAS08-JR-16-AO.aspx#
Specifications
• 8 channel A/D
• Analog Input resolution: 12-bits (1 in 4096)
• Analog Input range: ±5V
• Analog Max sample rate: 20KHz
• Digital - Number of bits: 16-bits TTL, 8 in, 8 out
• Software: HP VEE 5.01, Hewlett-Packard Co (now





• Cylindrical, Ø 11.3 mm
• Flat-Faced punches
Provided by Merck Sharp and Dohme Ltd, Hertfordshire, 
UK
Instron ® Coupling for the Mechanical Press (10 & 11 in the split‐die jig illustration)
Rigid Coupling, Type Dm (1.25 in connection with 1/2 in clevis pin) to Im RH (M30X2), Instron®, 
High Wycombe, UK
Complete Description at: http://www.instron.co.uk/wa/acc_catalog/detail.aspx?aid=3078
Specifications
• Capacity: 100 kN (10,000 kgf, 22,500 lbf)
• Upper Fitting: 0.5 in clevis pin (Type Dm)
• Lower Fitting: M30 RH (Type 1m) with locknutPage 257
Appendix 2: Detailed Specifications of the Experimental ApparatiSplit‐Die Jig




Weighing Scoop 3 mL, Borosilicate Glass, Pyrex® c/o SciLabware Ltd, Staffordshire, UK
Complete Description at: http://www.scilabware.com/internet/content.nsf/framesetter/
TMAY5BQDST?OpenDocument
1 Instron® Mechanical Press Crosshead 7 Screw holding Split‐Die together and Spacer
2 Instron® 2525‐802 Drop Through Load Cell 8 Centering Pin in the Split‐Die Clearance
3 Top Punch Holder (top punch screws on) 9 Platen Acting as a Base for the Split‐Die
4 Top Punch 10 Instron® Rigid Coupling for Accessories
5 Female Half of Split‐Die 11 Instron® Locknut






























• Micro Spoon Spatula 18/8 Stainless Steel 150 mm x 9xX 5mm, Bochem Instrumente GMBH,
Weilburg, Germany
Complete Description at: http://www.bochem.de/en/Laboratory_Products-p32--a263-
Micro+spoon+spatulas.html
• Chemical Spoon with Spatula End 18/10 Stainless Steel 180 mm x 40 x 28 mm, Bochem
Instrumente GMBH, Weilburg, Germany
Complete Description at: http://www.bochem.de/en/Laboratory_Products-p32--a256-Chemi-
cal+spoons.html
Balance
RC210S, Sartorius AG (discontinued), now Sartorius Mechatronics UK Ltd, Surrey, UK
Complete Description at: http://sartorius.dataweigh.com/repair/request.asp?modelID=3465
Specifications
• Weighing capacity and range levels: 210 g
• Accuracy: 0.01 mg
• Internal Calibration Weight: Yes
A2.3. MEASURING OBJECTS
Micrometer
External digital micrometer, 0-25mm/0-1in, RS Components Ltd, UK
Complete Description at: http://uk.rs-online.com/web/search/searchBrowseAc-
tion.html?method=getProduct&R=4091892
Specifications
• Imperial or metric reading
• Range: 0 to 25 mm (0 to 1 in)
• Resolution: 0.001mm (0.00005 in)
• Resettable origin pointPage 259
Appendix 2: Detailed Specifications of the Experimental ApparatiCalipers
SPI DigiMax Plastic Digital Calipers, USA
Complete Description at: http://longislandindicator.com/p160.html
Specifications
• Imperial or Metric reading/conversion
• Range: internal/external jaws 150mm (6 in), depth 144mm
• Accuracy 0.1 mm (0.004 in)
• Zero point can be set to "jaw closed" or "offset"
A2.4.  ENVIRONMENTAL  CONDITIONS:  THERMOMETERS  ‐
HYGROMETERS
Hygrometer with memory and thermometer with an ISO 17025 A2LA Traceable NIST certifica-
tion, Fisherbrand, Thermo Fisher Scientific Inc, Dublin, Ireland
Complete Description at: https://extranet.fisher.co.uk/webfiles/uk/web-docs/APPS1409.PDF
Specifications
• Humidity range 10% to 95% RH
• Accuracy: ±2% mid range, otherwise ±4%
• Resolution: 0.1% RH
• Temperature range -18°C to 93°C (0°F to 199°F)
• Accuracy: ±1°C (9°C to 40°C) otherwise 2°C
• Resolution: 0.1°C
EMR 899HG Radio Frequency Thermometer and Hygrometer, Oregon Scientific Ltd, Berkshire, 
UK
Complete Description at: http://www.oregonscientific.co.uk/
prod_emr899hg_multi_channel_thermo_hygrometer_with_alarm.htm
Specifications
• Base Unit Range: 25 to 95% RH; - 5 to +50°C
• Remote Sensor Range 25 to 95% RH; -20 to +60°C
• Resolution 0.1°C
• Operating Range 20 to 40mPage 260
Appendix 2: Detailed Specifications of the Experimental ApparatiA2.5. POWDER TRUE DENSITY: HELIUM PYCNOMETER
Accupyc 1330 (discontinued), Micromeritics Instrument Corp, Norcross, GA, U.S.A.
Complete Description at: http://www.pss.aus.net/products/micromeritics/equip_density/1330/
1330.html
Specifications
• Sample Chamber: Standard, 10-cm Model: 1.82cm I.D. x 3.93 cm long (0.72 in. I.D. x 1.57 in.
long)
• Precision: Guaranteed reproducibility to within 0.02% of the nominal full-scale volume on
clean, dry, thermally equilibrated samples.
• Accuracy: Accurate to within 0.03% of reading plus 0.03% of nominal full-scale sample
chamber volume.
• Gases: Research grade helium is
recommended. If unavailable, use helium with a
dewpoint of 67°C -88°F or lower. Carbon
dioxide, dry air, nitrogen, etc. can also be used
for specific applications.
A2.6. TABLET MECHANICAL TESTING
Autotest 4 Tablet Test System, Dr Schleuniger Pharmatron AG, Solothurn, Switzerland
Complete Description at: http://www.pharmatron.ch/uploads/media/AT4_E.pdf
Specifications
• Tablet Tests: Mass, Thickness, Diameter, Hardness
• Weight Range: 0,1mg – 100 g
• Thickness Range: 1 – 15 mm (0,04 – 0,6 in)
• Diameter Range: 1 – 25 mm (0,04 – 1,0 in)
• Hardness Range: (Standard) 0 – 400N
• Extensions: 12 Magazine Feeder
• Software: PH21 (Dr Schleuniger Pharmatron AG)
Instrument kindly made available by Colorcon Ltd, Kent, 
UKPage 261
Appendix 2: Detailed Specifications of the Experimental ApparatiA2.7. TABLET SURFACE ROUGHNESS: LASER PROFILOMETER
Built in-house at- and kindly made available by Unilever R&D, Port Sunlight, UK
Laser Stylus System
Rodenstock Laser Stylus LS10 (discontinued)
• Near-infrared Laser (λ = 780 nm)
• Beam Diameter (spot size): 1-2 μm
• Axial Resolution (z): 1nm
• Lateral Resolution (x and y): 1-2 μm
• Operating Range: ±400 μm
• Required Sample Specular Reflectivity (λ = 780 nm): > 2%
• Required Sample Surface Slope: < 12º
Rodenstock RM 600 (Laser) Sensor Interface (discontinued)
• Vertical Resolution Ranges: ±300 μm, ±30 μm, ±3 μm
http://www.brothersoft.com/downloads/www.winspi.com.html
1 Laser Stylus 4 Dual Channel Oscilloscope
2 Laser Sensor Interface 5 Sample Base (goniometer optional)










x, y and z translation stages with stepper motors, Photon Control Ltd 
(discontinued), stepper motor controllers and PC Cards
• Translation Stage Travel: 50 mm
x Stage
• Resolution: 0.5 μm (rotary shaft encoder)
• Motor Control PC Card: Parker Digiplan PC21 Stepper Motor Indexer
• Stepper Motor Driver Enclosure: Parker Digiplan Motor Drive inside
Photon Control SD1 PCX Stage Control Unit
y Stage
• Resolution: 0.5 μm (rotary shaft encoder)
• Motor Control PC Card: Oregon Micro Systems PCX2E Intelligent Motor Controller
• Stepper Motor Driver Enclosure: Oregon Micro Systems MD125 Micro-Step Motor Drive inside
Naples Coombe STC2 PCX YZ Stage Control Unit
• Heidenhain-Metro MT60 Linear Encoder connected to the PC via a Linear/Rotary Encoder
Selection Unit
z Stage
• Resolution: 0.1 μm (linear encoder)
• Motor Control PC Card: Oregon Micro Systems PCX2E Intelligent Motor Controller
• Stepper Motor Driver Enclosure: Oregon Micro Systems MD125 Micro-Step Motor Drive inside
Naples Coombe STC2 PCX YZ Stage Control Unit
Data Acquisition PC Card: NI LPM 16 12-bit Analog-Digital Converter
Image Display PC Card: Coreco Image Processing Board (not currently used by the software)
Software: WinSPI 1.16 (UMACE)
Oscilloscope
Iso-Tech ISR622 Dual Channel Oscilloscope, 20 MHz
Complete Description at: http://uk.rs-online.com/web/search/searchBrowseAc-
tion.html?method=getProduct&R=2488985
Specifications
• 8 x 10 1cm divisions
• Sensitivity 1mV to 5V/Div in 12 steps
• Timebase sweep 0.1μs to 0.5s/div in 21 steps
• x10 sweep magnification
• 400V (DC + AC peak) max inputPage 263
The detailed experimental plots, required to support the discussion, mainly those pertaining to
the strain rate sensitivity study, and various equation derivations, are grouped in this Appendix.
The latter are arranged in the same order as the corresponding experimental indicators appear in
the discussion, namely: 
• the Axial Elastic Relaxation (AER)
• the Diametral Elastic Relaxation (DER)
• the Derivation of the Relationship between Axial (AER), Diametral (DER) and Volumetric
(VER) Elastic Relaxation
• the Heckel Yield Stress (σyH)
• Kawakita Parameter b
• Kawakita Parameter a
• the Maximum Stress Transmission Coefficient (STCM)
• the Derivation of the Stress Relaxation Equation from the Driving Force Theory
• the Maximum Ejection Force
• The Tablet Ejection Profiles
• the Tablet Surface Roughness Parameters (Ra and Rq)
• the Tablet Hardness
For each experimental variable, the data are displayed as depicted in Figure A3.1. Due to
space and layout requirements, some sets of graphs are printed on A3 sheets which can be
found in the pocket inside the back cover of this thesis, all other items may be found in the next
pages. Plots have been divided between constant velocity compactions preceding the stress
relaxation, and the strain rate sensitivity study. For each group of graphs a common scale inher-
ent to each variable considered was set, in order to be able to evaluate the effects of the type of
powder and of the compaction conditions. More precisely, different general scales are used for
the constant velocity compactions and the strain rate sensitivity study, in order to make the data





























































































Starch1500® 5 64 0.5g
Starcap1500® 10 127 0.4g
LHPCLH11 15 191 0.3g
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See Appendix 3, A3 sheets, from page 283
A3.1.2. DIAMETRAL ELASTIC RELAXATION (DER)
See Appendix 3, A3 sheets, from page 285
A3.1.3.  DERIVATION  OF  THE  RELATIONSHIP  BETWEEN  AXIAL  (AER),
DIAMETRAL (DER) AND VOLUMETRIC (VER) ELASTIC RELAXATION
Definition of the three quantities of interest:
Axial Elastic Relaxation:
Diametral Elastic Relaxation:
Percentage Total Volumetric Expansion/Relaxation:
Of course the volume of a cylinder is obtained from the following formula:
The initial and final cylinder volumes are expressed as the products of the corresponding
height by squared diameter:

















































Appendix 3: Experimental Results PlotsFactorization with the squared die diameter (ØDie):
Factorization with the tablet height at maximum load (HMaxLoad):
Development of the corresponding fractions into the AER and DER forms (+1-1):
Final Replacements:
Common denominator for the entire expression:
Final Relationships between AER, DER and VER:
A3.2. PLASTIC DEFORMATION
A3.2.1. HECKEL YIELD STRESS (σyH)
See Appendix 3, A3 sheets, from page 287
A3.2.2. KAWAKITA PARAMETER b
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See Appendix 3, A3 sheets, from page 291
A3.2.4. MAXIMUM STRESS TRANSMISSION COEFFICIENT (STCM)
See Appendix 3, A3 sheets, from page 293
A3.2.5. DERIVATION OF  THE STRESS RELAXATION EQUATION  FROM  THE
DRIVING FORCE THEORY
The general transport equation (Equation A3.15), states that a driving force is required to over-
come a resistance, in order to transport a property (Geankoplis, 1993). 
In the case of plastic flow, or stress relaxation, the equation may be broken down as follows,
which leads to Equation A3.16, where j is a proportionality constant:
• The property transported is stress (P, [MPa]), through plastic deformation.
• The rate of the transfer process is the stress relaxation rate (dP/dt, [MPA.s-1]). It is negative,
since it causes the applied load to decrease.
• The driving force is the stress gradient generated by the compaction load in the powder bed
(∇P, [MPa]).
• The resistance to plastic flow is the viscosity of the material, quantified by its viscous modulus
(G, [MPA.s]).
The analysis of the latter shows that it lacks dimensional consistency, as illustrated in Equation
A3.17. A material property seems to be missing on the right hand side of the equal sign.
The elastic modulus of the material (E, [MPa]), seems to be the most appropriate multiplier to
complete the expression (Equation A3.18). There are two reasons for this: Firstly, the powder
bed under load undergoing stress relaxation is also elastically deformed, since the latter is a pre-
















Appendix 3: Experimental Results Plotsdetail. Secondly, a correlation including elasticity and viscosity may be considered to account for
viscoelastic behavior, which is exactly how plastic flow is defined.
Before proceeding to the rearrangement and integration of the previous, the stress gradient
may be expressed more simply as a difference between the applied load P and a reference load,
taken to be zero for ease of treatment here. This leads to the following sequence:
The stress relaxation may be expressed as a first order exponential decay:
EXPERIMENTAL VERIFICATION OF THE STRESS RELAXATION VIA EXPONENTIAL DECAY
The validity of the equation developed above was verified experimentally by applying exponen-
tial decay fits to the batches of stress relaxation data available. Unfortunately, only a qualitative
evaluation is possible at this time, since no reliable values of the excipients’ material constants
are available.
First, second and third order experimental decay fits were tested. The results are presented
below in the following order:
Firstly, a figure summarizing the data is displayed, containing a stress relaxation curve for each
powder considered, with their respective exponential decay fits. The compaction conditions cho-
sen are different for each powder, because the exponential fits yield similar results for similar
pressing stresses and powder masses, regardless of the material compacted. The table below
the plot supplies the analytical form of a first, second and third order exponential decay, with the
R2 obtained for the fits carried out on each representative stress relaxation curve.
The latter is followed by a set of four tables detailing the results (R2, fit parameters, errors) of all
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Appendix 3: Experimental Results Plots• Each of the four columns corresponds to a powder
• The tables are presented in order of increasing powder mass, the values of which are indicated
by the color of the table frame, namely: 0.2g: green, 0.3g: blue, 0.4g: red, 0.5g: black
• The exponential decay fits are displayed from the lowest to the highest order, the latter
corresponding to the results header as follows: First order exponential decay: pale yellow,
Second order exponential decay: pale blue, Third order exponential decay: pale green.Page 271
Appendix 3: Experimental Results PlotsChi^2/DoF 0.27523 Chi^2/DoF 0.26419 Chi^2/DoF 0.3283 Chi^2/DoF 0.28343
R^2 0.91965 R^2 0.91576 R^2 0.92147 R^2 0.92477
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 39.54745 0.00685 y0 39.18904 0.00658 y0 37.14067 0.00737 y0 38.94248 0.00695
A1 7.5033 0.01983 A1 7.2167 0.0197 A1 8.34058 0.02187 A1 7.89348 0.02014
t1 201.6222 1.03726 t1 196.0844 1.02739 t1 197.6233 0.99872 t1 201.3484 0.99918
   
Chi^2/DoF 0.70855 Chi^2/DoF 0.71492 Chi^2/DoF 0.78614 Chi^2/DoF 0.75471
R^2 0.92223 R^2 0.9185 R^2 0.92827 R^2 0.92778
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 91.32885 0.01099 y0 90.15459 0.01105 y0 88.31796 0.01195 y0 89.08142 0.01179
A1 12.25574 0.03182 A1 11.99954 0.03196 A1 13.34864 0.03285 A1 13.00486 0.03205
t1 201.5429 1.0185 t1 201.6264 1.04536 t1 209.9273 1.02745 t1 211.7054 1.04258
   
Chi^2/DoF 0.62813 Chi^2/DoF 0.77757 Chi^2/DoF 0.99081 Chi^2/DoF 0.97057
R^2 0.91061 R^2 0.91014 R^2 0.92898 R^2 0.92772
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 159.2339 0.0091 y0 154.5385 0.01053 y0 150.208 0.01372 y0 150.2758 0.0135
A1 11.31637 0.03306 A1 12.29895 0.03556 A1 14.96892 0.03639 A1 14.7013 0.03615
t1 165.3601 0.86237 t1 176.9553 0.93776 t1 215.7353 1.05898 t1 214.0879 1.05843
   
Chi^2/DoF 0.36691 Chi^2/DoF 0.45661 Chi^2/DoF 0.93233 Chi^2/DoF 0.95182
R^2 0.89232 R^2 0.88559 R^2 0.9255 R^2 0.92667
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 232.7328 0.00668 y0 228.7096 0.00722 y0 217.2102 0.01289 y0 216.4663 0.01322
A1 7.99917 0.02628 A1 8.82196 0.03031 A1 14.28605 0.03599 A1 14.4922 0.03603
t1 152.9077 0.87291 t1 142.97 0.83675 t1 207.3734 1.03217 t1 211.2759 1.04841
   
Chi^2/DoF 0.27104 Chi^2/DoF 0.27427 Chi^2/DoF 0.81681 Chi^2/DoF 0.82612
R^2 0.89982 R^2 0.88505 R^2 0.91979 R^2 0.9218
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 301.532 0.00611 y0 300.7891 0.00577 y0 285.1776 0.01156 y0 284.5044 0.01185
A1 6.89563 0.02129 A1 6.66656 0.02272 A1 13.03644 0.03465 A1 13.20273 0.03441
t1 172.0558 0.96273 t1 152.9036 0.90554 t1 195.8555 0.99888 t1 201.0143 1.01815
   
Chi^2/DoF 0.04501 Chi^2/DoF 0.04665 Chi^2/DoF 0.05426 Chi^2/DoF 0.0478
R^2 0.98632 R^2 0.98525 R^2 0.98708 R^2 0.98737
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 39.36417 0.00516 y0 38.76617 0.0051 y0 36.59745 0.00565 y0 38.24527 0.0054
A1 5.71178 0.00878 A1 5.59867 0.00892 A1 8.97592 0.03309 A1 8.31919 0.03077
t1 333.521 1.2845 t1 327.6236 1.28845 t1 14.41701 0.09336 t1 14.7031 0.09576
A2 8.15181 0.031 A2 8.24622 0.03227 A2 6.42141 0.00991 A2 6.11485 0.00927
t2 13.5659 0.08952 t2 12.94435 0.08733 t2 331.5524 1.261 t2 335.6166 1.27
   
Chi^2/DoF 0.11058 Chi^2/DoF 0.11591 Chi^2/DoF 0.12804 Chi^2/DoF 0.12018
R^2 0.98767 R^2 0.98658 R^2 0.98863 R^2 0.98853
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 90.73859 0.00829 y0 89.53584 0.00827 y0 87.2347 0.00934 y0 88.28675 0.00901
A1 9.39933 0.01387 A1 9.205 0.01417 A1 10.62875 0.01485 A1 13.33712 0.04844
t1 338.2127 1.26308 t1 332.9607 1.27949 t1 348.0131 1.2666 t1 14.9099 0.09525
A2 13.12636 0.04734 A2 13.32932 0.04946 A2 13.7869 0.04975 A2 10.26549 0.01435
t2 14.33503 0.09052 t2 13.73528 0.08867 t2 15.07212 0.09583 t2 347.1301 1.26269
   
Chi^2/DoF 0.09684 Chi^2/DoF 0.12163 Chi^2/DoF 0.14806 Chi^2/DoF 0.14925
R^2 0.98584 R^2 0.98639 R^2 0.98935 R^2 0.98912
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 158.9889 0.00624 y0 153.7898 0.00756 y0 149.0705 0.01035 y0 149.08 0.01036
A1 13.21392 0.04707 A1 9.29039 0.01522 A1 15.27232 0.05322 A1 15.27632 0.05366
t1 12.66825 0.07859 t1 307.4724 1.15079 t1 15.22842 0.09349 t1 15.09044 0.09324
A2 8.08881 0.01418 A2 14.54893 0.05214 A2 11.80363 0.01576 A2 11.72438 0.01579
t2 289.9524 1.08886 t2 12.95617 0.08064 t2 354.9361 1.26528 t2 354.3591 1.2732
   
Chi^2/DoF 0.05766 Chi^2/DoF 0.07202 Chi^2/DoF 0.13794 Chi^2/DoF 0.14188
R^2 0.98418 R^2 0.98198 R^2 0.98923 R^2 0.98929
StressRelaxationCurveFIT:y=y0+A1*exp(x/t1)FirstOrderExponentialDecay


















Appendix 3: Experimental Results PlotsParam. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 231.9472 0.00479 y0 228.4874 0.0047 y0 216.1256 0.00975 y0 215.3718 0.0102
A1 5.83753 0.01057 A1 12.26146 0.04528 A1 15.01048 0.05159 A1 11.51061 0.01535
t1 290.1831 1.14406 t1 10.08154 0.06308 t1 15.09589 0.09142 t1 356.6993 1.27857
A2 10.56191 0.03787 A2 6.13371 0.01229 A2 11.2689 0.01537 A2 15.01177 0.05216
t2 11.58411 0.07119 t2 261.7479 1.0471 t2 349.3096 1.24713 t2 15.18538 0.09286
   
Chi^2/DoF 0.03623 Chi^2/DoF 0.04599 Chi^2/DoF 0.1155 Chi^2/DoF 0.12331
R^2 0.9839 R^2 0.98259 R^2 0.98859 R^2 0.98838
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 302.275 0.00373 y0 299.3623 0.00381 y0 284.6721 0.00824 y0 283.388 0.00867
A1 4.62162 0.00828 A1 5.01719 0.00966 A1 9.92046 0.0144 A1 10.16365 0.01474
t1 286.8095 1.11471 t1 265.6162 1.03844 t1 331.7365 1.18927 t1 335.9412 1.22195
A2 8.51903 0.03098 A2 9.85534 0.03636 A2 14.30107 0.04848 A2 14.5615 0.04998
t2 10.84351 0.06693 t2 9.97478 0.06213 t2 14.28312 0.08491 t2 14.34421 0.08628
   
Chi^2/DoF 0.00721 Chi^2/DoF 0.0073 Chi^2/DoF 0.00844 Chi^2/DoF 0.0073
R^2 0.99781 R^2 0.9977 R^2 0.99798 R^2 0.99807
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 38.96972 0.00357 y0 38.46927 0.00369 y0 36.38905 0.00427 y0 37.94293 0.00389
A1 5.44022 0.01094 A1 4.9973 0.00446 A1 5.95394 0.01163 A1 5.59487 0.01085
t1 33.24135 0.12601 t1 436.5016 1.20897 t1 36.55087 0.13725 t1 36.69296 0.13707
A2 5.10383 0.00456 A2 5.40066 0.01089 A2 5.68864 0.00507 A2 5.4489 0.00483
t2 428.8044 1.14732 t2 33.11514 0.1259 t2 447.539 1.25434 t2 441.8706 1.19665
A3 11.20248 0.03867 A3 11.58163 0.03965 A3 11.60809 0.03884 A3 10.81647 0.03592
t3 1.25894 0.00744 t3 1.20344 0.00702 t3 1.48799 0.0086 t3 1.50821 0.00866
   
Chi^2/DoF 0.01487 Chi^2/DoF 0.01508 Chi^2/DoF 0.01733 Chi^2/DoF 0.01641
R^2 0.99833 R^2 0.99825 R^2 0.99844 R^2 0.99846
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 90.66526 0.00563 y0 89.39645 0.00573 y0 86.87987 0.00651 y0 87.32621 0.00655
A1 8.29869 0.00691 A1 8.51389 0.01575 A1 17.47693 0.0537 A1 17.08813 0.05181
t1 444.2305 1.13779 t1 36.33619 0.12829 t1 1.61196 0.0086 t1 1.6442 0.00867
A2 8.55083 0.0158 A2 17.15946 0.05118 A2 9.12195 0.01657 A2 8.87603 0.01611
t2 36.99146 0.13074 t2 1.53861 0.00797 t2 38.15062 0.13419 t2 38.51171 0.13527
A3 16.26102 0.04926 A3 8.18094 0.00673 A3 9.46463 0.00728 A3 9.31663 0.00699
t3 1.65246 0.00876 t3 448.9438 1.16915 t3 460.1262 1.15836 t3 467.9207 1.18395
   
Chi^2/DoF 0.01343 Chi^2/DoF 0.01584 Chi^2/DoF 0.01988 Chi^2/DoF 0.01995
R^2 0.9981 R^2 0.9983 R^2 0.99858 R^2 0.99851
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 158.288 0.00428 y0 152.7042 0.0053 y0 148.5341 0.00714 y0 148.6226 0.00714
A1 8.52287 0.01581 A1 8.31076 0.00721 A1 18.50997 0.05436 A1 10.42935 0.00779
t1 34.2669 0.11977 t1 425.2117 1.06231 t1 1.83462 0.00951 t1 464.7226 1.15432
A2 7.00178 0.00727 A2 9.32261 0.01695 A2 10.0405 0.01815 A2 9.94165 0.01816
t2 394.4084 1.0258 t2 34.94084 0.11904 t2 39.08878 0.13629 t2 38.46334 0.13497
A3 16.1481 0.04741 A3 17.85795 0.0511 A3 10.6576 0.00793 A3 18.58486 0.05537
t3 1.6126 0.00837 t3 1.63954 0.00828 t3 463.6684 1.13443 t3 1.76751 0.00926
   
Chi^2/DoF 0.00721 Chi^2/DoF 0.00965 Chi^2/DoF 0.01764 Chi^2/DoF 0.01882
R^2 0.99799 R^2 0.99773 R^2 0.9986 R^2 0.99854
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 232.0346 0.00285 y0 227.8206 0.00371 y0 215.6254 0.0066 y0 214.9326 0.0069
A1 13.05053 0.03596 A1 5.23426 0.00554 A1 17.69111 0.05033 A1 18.1927 0.05311
t1 1.49796 0.00732 t1 404.5917 1.16243 t1 1.91162 0.00968 t1 1.81935 0.00938
A2 6.48692 0.01214 A2 7.23137 0.01396 A2 9.75589 0.01746 A2 9.84017 0.01781
t2 31.15476 0.10646 t2 31.75163 0.11098 t2 38.64954 0.13217 t2 38.43551 0.13317
A3 4.91881 0.00519 A3 14.95434 0.04102 A3 10.00457 0.0075 A3 10.13396 0.00761
t3 376.9554 0.95447 t3 1.54688 0.00753 t3 459.591 1.11627 t3 463.1711 1.14777
   
Chi^2/DoF 0.0045 Chi^2/DoF 0.00515 Chi^2/DoF 0.01433 Chi^2/DoF 0.01487
R^2 0.99801 R^2 0.99781 R^2 0.99854 R^2 0.99863
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 302.2269 0.00232 y0 300.0973 0.00239 y0 284.1856 0.00558 y0 282.649 0.00578
A1 5.06487 0.00971 A1 3.94979 0.00415 A1 9.06398 0.0163 A1 9.1259 0.00704
t1 30.67261 0.10596 t1 378.6721 0.98445 t1 37.81706 0.12826 t1 448.3084 1.06953
A2 10.41834 0.02838 A2 5.42833 0.01048 A2 8.56832 0.00699 A2 9.26846 0.01652
t2 1.50408 0.00729 t2 29.46799 0.10171 t2 444.0301 1.09998 t2 37.91618 0.12757
A3 3.96417 0.00392 A3 11.83118 0.03125 A3 16.2546 0.04448 A3 16.70127 0.04542
t3 385.6244 0.96002 t3 1.4089 0.00659 t3 2.00901 0.00991 t3 1.9956 0.00976













Appendix 3: Experimental Results PlotsChi^2/DoF 0.40271 Chi^2/DoF 0.35273 Chi^2/DoF 0.32616 Chi^2/DoF 0.32877
R^2 0.91628 R^2 0.91883 R^2 0.9122 R^2 0.91233
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 35.58904 0.00815 y0 37.29886 0.00769 y0 38.32398 0.00736 y0 37.79326 0.00745
A1 8.92675 0.02425 A1 8.47455 0.02259 A1 7.8199 0.02179 A1 7.83534 0.02176
t1 197.1767 1.03113 t1 199.1447 1.0267 t1 197.8942 1.06317 t1 200.0519 1.077
   
Chi^2/DoF 1.04166 Chi^2/DoF 0.97937 Chi^2/DoF 0.90665 Chi^2/DoF 0.91131
R^2 0.92791 R^2 0.92739 R^2 0.92295 R^2 0.92118
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 81.88765 0.01398 y0 83.38017 0.01363 y0 85.77111 0.0127 y0 84.57867 0.01294
A1 15.25242 0.03745 A1 14.70936 0.0362 A1 13.83626 0.03551 A1 13.63543 0.03525
t1 214.0656 1.05677 t1 215.4862 1.0701 t1 207.1715 1.04988 t1 211.3806 1.09089
   
Chi^2/DoF 1.43238 Chi^2/DoF 1.42652 Chi^2/DoF 1.08589 Chi^2/DoF 1.17308
R^2 0.93107 R^2 0.93139 R^2 0.92043 R^2 0.91633
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 139.7918 0.01715 y0 139.7738 0.01731 y0 147.5269 0.01327 y0 144.4022 0.01396
A1 18.10421 0.04281 A1 18.06185 0.04245 A1 15.11874 0.04006 A1 15.22296 0.0413
t1 225.6135 1.10586 t1 228.5193 1.12224 t1 194.8078 0.98782 t1 198.0461 1.03657
   
Chi^2/DoF 1.5269 Chi^2/DoF 1.57569 Chi^2/DoF 0.71362 Chi^2/DoF 0.83665
R^2 0.93156 R^2 0.93119 R^2 0.89708 R^2 0.90052
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 204.2727 0.01765 y0 203.2754 0.01798 y0 221.2782 0.0093 y0 216.9428 0.01038
A1 18.78022 0.04428 A1 19.00952 0.04491 A1 11.44936 0.03669 A1 12.39116 0.03855
t1 224.7314 1.09586 t1 225.4643 1.10381 t1 152.5754 0.849 t1 161.994 0.893
   
Chi^2/DoF 1.4232 Chi^2/DoF 1.48618 Chi^2/DoF 0.38967 Chi^2/DoF 0.52758
R^2 0.92754 R^2 0.92813 R^2 0.89048 R^2 0.88995
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 271.9693 0.01632 y0 270.5866 0.01677 y0 295.7739 0.00723 y0 291.0905 0.00863
A1 17.78561 0.04381 A1 18.22523 0.04462 A1 7.92187 0.02583 A1 9.07861 0.02944
t1 213.7583 1.05768 t1 215.2182 1.06249 t1 168.128 0.98445 t1 175.2283 1.03714
   
Chi^2/DoF 0.05968 Chi^2/DoF 0.05894 Chi^2/DoF 0.04806 Chi^2/DoF 0.0608
R^2 0.9874 R^2 0.98623 R^2 0.98672 R^2 0.98362
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 35.25579 0.0058 y0 36.88824 0.0057 y0 38.19314 0.00507 y0 37.36148 0.00619
A1 6.88287 0.01013 A1 6.57813 0.00991 A1 8.9702 0.03333 A1 6.08627 0.00944
t1 328.457 1.19358 t1 326.9951 1.21935 t1 12.47728 0.07954 t1 344.5896 1.42225
A2 9.87561 0.03623 A2 9.55744 0.03697 A2 6.01273 0.00904 A2 9.55388 0.03891
t2 13.14901 0.08338 t2 12.43283 0.08235 t2 323.3372 1.18691 t2 11.52214 0.07893
   
Chi^2/DoF 0.16604 Chi^2/DoF 0.15684 Chi^2/DoF 0.14364 Chi^2/DoF 0.15295
R^2 0.98843 R^2 0.98833 R^2 0.98762 R^2 0.98633
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 81.1089 0.01023 y0 82.53602 0.01004 y0 84.99949 0.00927 y0 84.16287 0.0099
A1 12.16659 0.01646 A1 15.488 0.05791 A1 10.83218 0.01545 A1 15.16558 0.05899
t1 341.5094 1.19508 t1 13.52894 0.08747 t1 335.5612 1.21321 t1 12.66919 0.08419
A2 16.06289 0.05983 A2 11.76207 0.01597 A2 15.1414 0.05611 A2 10.65511 0.0154
t2 13.41231 0.08631 t2 343.5306 1.21388 t2 13.18581 0.08432 t2 344.5989 1.31168
   
Chi^2/DoF 0.23052 Chi^2/DoF 0.22366 Chi^2/DoF 0.17275 Chi^2/DoF 0.19046
R^2 0.9891 R^2 0.98912 R^2 0.98769 R^2 0.98625
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 138.1677 0.01271 y0 138.8869 0.01264 y0 146.1132 0.00958 y0 143.9736 0.0099
A1 14.8648 0.01897 A1 18.4973 0.06887 A1 11.86211 0.01743 A1 11.90049 0.01771
t1 353.7091 1.21747 t1 13.63287 0.08756 t1 321.9324 1.14263 t1 320.1308 1.16094
A2 18.82634 0.06989 A2 14.67312 0.01859 A2 17.13298 0.06208 A2 17.74521 0.06872
t2 13.64687 0.08747 t2 355.9721 1.22617 t2 12.96206 0.08115 t2 11.59313 0.07614
   
Chi^2/DoF 0.23702 Chi^2/DoF 0.24134 Chi^2/DoF 0.10486 Chi^2/DoF 0.13784
R^2 0.9895 R^2 0.98942 R^2 0.98384 R^2 0.9835
StressRelaxationCurveFIT:y=y0+A1*exp(x/t1)FirstOrderExponentialDecay


















Appendix 3: Experimental Results PlotsParam. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 202.8837 0.01329 y0 202.3544 0.0133 y0 221.5878 0.0058 y0 216.7994 0.00705
A1 15.31424 0.01924 A1 19.33861 0.07014 A1 14.64971 0.05332 A1 9.12228 0.01605
t1 360.1569 1.24242 t1 14.21703 0.08958 t1 10.60609 0.06582 t1 280.8177 1.05942
A2 19.11722 0.06941 A2 15.37764 0.01948 A2 7.89877 0.01486 A2 16.12377 0.06253
t2 14.25843 0.08993 t2 358.1567 1.23742 t2 266.5497 1.01146 t2 10.10085 0.06587
   
Chi^2/DoF 0.20865 Chi^2/DoF 0.2216 Chi^2/DoF 0.06192 Chi^2/DoF 0.07786
R^2 0.98945 R^2 0.98936 R^2 0.98393 R^2 0.98239
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 270.8562 0.01201 y0 269.323 0.01241 y0 295.0396 0.00518 y0 291.5127 0.00552
A1 14.19452 0.0184 A1 14.56151 0.01897 A1 11.34027 0.04205 A1 12.81304 0.04931
t1 351.1343 1.21018 t1 351.6828 1.21987 t1 10.01487 0.06189 t1 9.13281 0.058
A2 18.60257 0.06528 A2 19.0118 0.06711 A2 6.11041 0.01011 A2 6.57448 0.01136
t2 14.19783 0.08671 t2 14.27117 0.08775 t2 302.5371 1.16417 t2 291.7445 1.14026
   
Chi^2/DoF 0.00989 Chi^2/DoF 0.00851 Chi^2/DoF 0.00764 Chi^2/DoF 0.00796
R^2 0.99796 R^2 0.99802 R^2 0.99786 R^2 0.99783
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 34.79145 0.00456 y0 36.67219 0.00413 y0 37.91408 0.00374 y0 37.20812 0.00383
A1 13.36434 0.04139 A1 5.81226 0.00514 A1 5.66094 0.01154 A1 12.94515 0.03934
t1 1.5443 0.00833 t1 439.0348 1.18298 t1 33.37576 0.12681 t1 1.35615 0.00714
A2 6.30047 0.01287 A2 5.9145 0.01191 A2 12.49044 0.03813 A2 5.65181 0.01182
t2 35.90565 0.1393 t2 35.78794 0.13729 t2 1.39079 0.00736 t2 32.78939 0.12705
A3 6.15294 0.00545 A3 12.46295 0.03873 A3 5.26515 0.00467 A3 5.38268 0.00466
t3 445.4518 1.23532 t3 1.51439 0.00817 t3 432.9072 1.16654 t3 435.1686 1.16331
   
Chi^2/DoF 0.02163 Chi^2/DoF 0.02065 Chi^2/DoF 0.01998 Chi^2/DoF 0.02047
R^2 0.9985 R^2 0.99846 R^2 0.99828 R^2 0.99818
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 80.48708 0.00772 y0 81.86451 0.00746 y0 84.43166 0.00684 y0 83.46996 0.00732
A1 20.00624 0.05654 A1 19.39442 0.05579 A1 18.97252 0.05599 A1 9.19369 0.01814
t1 1.84347 0.00915 t1 1.8025 0.00909 t1 1.72614 0.00894 t1 38.23464 0.14529
A2 9.89269 0.01859 A2 9.61579 0.01816 A2 9.37281 0.01821 A2 9.45048 0.00774
t2 40.33631 0.148 t2 39.89197 0.14683 t2 38.00127 0.14187 t2 468.5605 1.30192
A3 10.8311 0.00835 A3 10.4427 0.00811 A3 9.58832 0.00796 A3 19.61336 0.05749
t3 470.3471 1.21382 t3 468.4251 1.21324 t3 454.4493 1.20263 t3 1.66997 0.00854
   
Chi^2/DoF 0.02783 Chi^2/DoF 0.02664 Chi^2/DoF 0.02156 Chi^2/DoF 0.0246
R^2 0.99869 R^2 0.9987 R^2 0.99848 R^2 0.99823
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 137.2053 0.00941 y0 137.9902 0.00926 y0 145.3124 0.00714 y0 143.1808 0.00769
A1 11.55509 0.02098 A1 13.12123 0.00908 A1 10.36614 0.00875 A1 10.39972 0.02023
t1 41.77334 0.14888 t1 487.9876 1.20766 t1 451.336 1.1746 t1 38.1052 0.14234
A2 13.31762 0.00934 A2 11.29724 0.02048 A2 10.40739 0.0192 A2 10.35233 0.00878
t2 486.267 1.20981 t2 41.73164 0.14851 t2 39.65539 0.14149 t2 457.2585 1.25086
A3 23.28024 0.06233 A3 22.8547 0.06121 A3 20.48033 0.05492 A3 22.32589 0.06183
t3 1.96353 0.00928 t3 1.94745 0.00919 t3 1.96721 0.0094 t3 1.74602 0.0085
   
Chi^2/DoF 0.02785 Chi^2/DoF 0.02866 Chi^2/DoF 0.01343 Chi^2/DoF 0.01566
R^2 0.99877 R^2 0.99874 R^2 0.99798 R^2 0.99807
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 201.5953 0.00963 y0 201.4312 0.0096 y0 221.2055 0.00411 y0 216.5382 0.00432
A1 11.8812 0.02112 A1 13.78128 0.00942 A1 17.54118 0.04657 A1 19.67402 0.05097
t1 42.33447 0.14767 t1 487.8475 1.19196 t1 1.68684 0.008 t1 1.63369 0.00753
A2 23.21079 0.06104 A2 12.02494 0.0214 A2 8.51953 0.01635 A2 8.95954 0.0175
t2 2.06165 0.00963 t2 41.68674 0.1452 t2 33.4568 0.11923 t2 33.41525 0.12204
A3 13.71169 0.00935 A3 23.51192 0.06287 A3 6.60906 0.00736 A3 7.49538 0.00811
t3 490.998 1.20602 t3 1.99171 0.00942 t3 385.579 1.04014 t3 379.3609 0.96644
   
Chi^2/DoF 0.02529 Chi^2/DoF 0.02591 Chi^2/DoF 0.00779 Chi^2/DoF 0.00981
R^2 0.99871 R^2 0.99876 R^2 0.99791 R^2 0.99777
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 270.0785 0.00853 y0 268.4386 0.00904 y0 294.8761 0.00356 y0 291.0325 0.00373
A1 11.54961 0.02062 A1 11.77629 0.02069 A1 5.14609 0.00479 A1 6.82478 0.0144
t1 40.94127 0.14173 t1 41.91928 0.14371 t1 419.9218 1.13268 t1 31.19724 0.11753
A2 22.0403 0.05816 A2 22.39453 0.05821 A2 6.17145 0.01259 A2 15.62271 0.04097
t2 2.06729 0.00975 t2 2.11879 0.00984 t2 32.17832 0.11809 t2 1.58492 0.00743
A3 12.53389 0.00909 A3 12.9486 0.00914 A3 13.67905 0.03615 A3 5.53315 0.00551
t3 474.2581 1.16328 t3 484.1437 1.19703 t3 1.6167 0.00762 t3 404.7508 1.10091













Appendix 3: Experimental Results PlotsChi^2/DoF 0.35182 Chi^2/DoF 0.34655 Chi^2/DoF 0.43751 Chi^2/DoF 0.38693
R^2 0.90893 R^2 0.90682 R^2 0.91498 R^2 0.91575
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 37.79431 0.00745 y0 37.88632 0.00749 y0 35.0673 0.00851 y0 36.54407 0.00791
A1 8.03408 0.02302 A1 7.83865 0.02266 A1 9.22311 0.02526 A1 8.75152 0.02393
t1 191.1737 1.03868 t1 194.3603 1.07385 t1 197.4864 1.04186 t1 194.5229 1.01717
   
Chi^2/DoF 1.06641 Chi^2/DoF 1.05411 Chi^2/DoF 1.24449 Chi^2/DoF 1.15807
R^2 0.91977 R^2 0.91709 R^2 0.92409 R^2 0.9249
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 82.41324 0.01376 y0 81.79977 0.01388 y0 78.81037 0.01536 y0 80.06219 0.01495
A1 14.68546 0.03854 A1 14.27933 0.03798 A1 16.19113 0.04082 A1 15.66921 0.03917
t1 206.9123 1.07139 t1 210.5753 1.11583 t1 215.3216 1.09498 t1 217.6808 1.10439
   
Chi^2/DoF 1.45239 Chi^2/DoF 1.47991 Chi^2/DoF 1.91276 Chi^2/DoF 1.8314
R^2 0.91995 R^2 0.91771 R^2 0.92781 R^2 0.92828
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 140.4406 0.01604 y0 138.5581 0.01655 y0 132.2463 0.01999 y0 133.2129 0.01959
A1 17.16599 0.04501 A1 16.95579 0.04482 A1 20.36467 0.04923 A1 19.9889 0.04813
t1 206.545 1.06768 t1 212.2955 1.12307 t1 227.8171 1.14856 t1 228.2211 1.14729
   
Chi^2/DoF 1.02408 Chi^2/DoF 1.22799 Chi^2/DoF 2.15063 Chi^2/DoF 2.15541
R^2 0.9025 R^2 0.90672 R^2 0.93068 R^2 0.93007
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 213.9858 0.01161 y0 208.943 0.01381 y0 194.4112 0.02148 y0 193.9778 0.02161
A1 13.77777 0.04224 A1 14.86432 0.04328 A1 22.00285 0.05184 A1 21.89902 0.05177
t1 165.2054 0.90368 t1 188.7793 1.03615 t1 231.133 1.14586 t1 232.343 1.15949
   
Chi^2/DoF 0.73065 Chi^2/DoF 0.72506 Chi^2/DoF 2.10611 Chi^2/DoF 2.19654
R^2 0.89043 R^2 0.89017 R^2 0.92947 R^2 0.92992
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 286.595 0.01003 y0 285.6741 0.01011 y0 260.7955 0.02077 y0 259.3687 0.02156
A1 10.77518 0.03499 A1 10.65632 0.03452 A1 21.692 0.05195 A1 22.1426 0.05258
t1 171.7249 1.00982 t1 175.1624 1.03548 t1 225.2337 1.11705 t1 229.3667 1.14071
   
Chi^2/DoF 0.05643 Chi^2/DoF 0.05488 Chi^2/DoF 0.06819 Chi^2/DoF 0.06229
R^2 0.9853 R^2 0.98546 R^2 0.98673 R^2 0.98664
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 37.46995 0.0053 y0 37.42638 0.00525 y0 34.53161 0.0059 y0 35.98423 0.00577
A1 9.90997 0.03782 A1 10.06899 0.0385 A1 7.19826 0.01065 A1 6.85074 0.01019
t1 11.33208 0.07314 t1 10.60623 0.06782 t1 319.015 1.14426 t1 323.8797 1.18264
A2 6.1869 0.00965 A2 6.17293 0.00929 A2 11.04243 0.041 A2 10.22561 0.03841
t2 316.7979 1.19305 t2 318.9317 1.17635 t2 11.66699 0.07356 t2 12.16354 0.07801
   
Chi^2/DoF 0.16466 Chi^2/DoF 0.17957 Chi^2/DoF 0.18748 Chi^2/DoF 0.1792
R^2 0.98765 R^2 0.98591 R^2 0.9886 R^2 0.98845
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 81.56823 0.01005 y0 81.09354 0.0098 y0 77.91418 0.01074 y0 79.21668 0.01066
A1 11.67083 0.01595 A1 11.52512 0.0163 A1 18.14516 0.06703 A1 17.37729 0.06454
t1 340.028 1.20944 t1 326.9507 1.17174 t1 11.99845 0.07512 t1 12.38692 0.07832
A2 16.85838 0.06238 A2 17.97689 0.07105 A2 13.11197 0.01691 A2 12.70938 0.01658
t2 12.17691 0.07657 t2 10.16997 0.06664 t2 340.6953 1.14876 t2 343.8298 1.18127
   
Chi^2/DoF 0.21971 Chi^2/DoF 0.24028 Chi^2/DoF 0.28522 Chi^2/DoF 0.27918
R^2 0.98795 R^2 0.98725 R^2 0.98917 R^2 0.98899
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 139.4002 0.01097 y0 136.8059 0.01161 y0 131.3491 0.01395 y0 132.1751 0.01379
A1 13.71148 0.01874 A1 14.07457 0.01881 A1 22.36904 0.08269 A1 16.42811 0.02012
t1 327.4744 1.11886 t1 332.0957 1.14145 t1 11.98573 0.07481 t1 352.9745 1.179
A2 19.94965 0.07345 A2 21.01965 0.08079 A2 16.71151 0.0203 A2 21.76817 0.08169
t2 11.70583 0.07304 t2 10.53558 0.0674 t2 353.2989 1.17241 t2 12.0221 0.07623
   
Chi^2/DoF 0.15452 Chi^2/DoF 0.19304 Chi^2/DoF 0.32019 Chi^2/DoF 0.32295
R^2 0.98538 R^2 0.98576 R^2 0.98964 R^2 0.98944
StressRelaxationCurveFIT:y=y0+A1*exp(x/t1)FirstOrderExponentialDecay


















Appendix 3: Experimental Results PlotsParam. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 213.1639 0.00731 y0 207.7085 0.00907 y0 193.0533 0.01511 y0 192.9298 0.01516
A1 10.30126 0.01719 A1 19.86985 0.07568 A1 23.42415 0.08601 A1 23.62115 0.08682
t1 275.9803 0.97114 t1 9.62837 0.06079 t1 12.45451 0.07762 t1 12.3224 0.07674
A2 18.14583 0.06646 A2 11.82349 0.01772 A2 18.13943 0.02155 A2 18.01785 0.02158
t2 10.02385 0.06178 t2 300.9536 1.04828 t2 357.7657 1.17449 t2 357.7767 1.18518
   
Chi^2/DoF 0.09392 Chi^2/DoF 0.1043 Chi^2/DoF 0.29843 Chi^2/DoF 0.29509
R^2 0.98447 R^2 0.98408 R^2 0.98972 R^2 0.98963
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 287.4553 0.00621 y0 285.1853 0.00638 y0 260.0767 0.01421 y0 260.725 0.01464
A1 7.64274 0.01251 A1 15.59497 0.0576 A1 23.02491 0.08251 A1 17.34385 0.02074
t1 296.5398 1.10973 t1 8.9622 0.05448 t1 12.62694 0.07712 t1 359.5656 1.19291
A2 14.71028 0.05275 A2 8.04842 0.01309 A2 17.47606 0.02118 A2 22.53569 0.08175
t2 9.64385 0.05742 t2 291.4654 1.07361 t2 351.2445 1.14809 t2 12.71782 0.07854
   
Chi^2/DoF 0.00803 Chi^2/DoF 0.00846 Chi^2/DoF 0.01027 Chi^2/DoF 0.00942
R^2 0.99788 R^2 0.99769 R^2 0.99801 R^2 0.99799
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 37.26607 0.00404 y0 37.35507 0.0038 y0 34.12943 0.00461 y0 35.6252 0.00439
A1 5.68113 0.01215 A1 5.78727 0.01267 A1 6.47998 0.01362 A1 6.04541 0.00538
t1 35.40881 0.1409 t1 32.05514 0.12774 t1 36.03802 0.14199 t1 441.6501 1.21051
A2 5.37861 0.00494 A2 12.71693 0.03944 A2 13.35455 0.03997 A2 6.17127 0.01285
t2 441.2759 1.2489 t2 1.45208 0.0079 t2 1.7516 0.0093 t2 35.79651 0.14041
A3 11.32553 0.0355 A3 5.32731 0.00486 A3 6.3153 0.00566 A3 12.69199 0.03927
t3 1.73456 0.00966 t3 426.6521 1.16418 t3 442.2186 1.21864 t3 1.65049 0.00898
   
Chi^2/DoF 0.02269 Chi^2/DoF 0.02403 Chi^2/DoF 0.0241 Chi^2/DoF 0.02378
R^2 0.9983 R^2 0.99818 R^2 0.99852 R^2 0.99847
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 81.04429 0.00777 y0 79.99508 0.00785 y0 77.1415 0.00828 y0 78.2465 0.0082
A1 20.08227 0.05635 A1 9.80762 0.02043 A1 21.4102 0.05632 A1 10.11105 0.0201
t1 1.96908 0.00986 t1 36.66319 0.1433 t1 2.10803 0.00994 t1 40.27689 0.15434
A2 9.77014 0.01984 A2 22.52357 0.06135 A2 10.27934 0.0203 A2 11.21214 0.0087
t2 39.05364 0.15127 t2 1.73376 0.00834 t2 40.82124 0.15579 t2 473.3654 1.24483
A3 10.27076 0.00837 A3 10.32861 0.00808 A3 11.47175 0.00889 A3 20.80121 0.05683
t3 468.2664 1.28005 t3 469.4286 1.26695 t3 472.9689 1.23384 t3 2.03471 0.00993
   
Chi^2/DoF 0.02761 Chi^2/DoF 0.03015 Chi^2/DoF 0.03454 Chi^2/DoF 0.03406
R^2 0.99849 R^2 0.99837 R^2 0.99868 R^2 0.99867
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 138.5767 0.00822 y0 136.3037 0.00908 y0 130.5248 0.01095 y0 131.0232 0.01086
A1 23.46525 0.06077 A1 12.22242 0.00954 A1 14.76691 0.0104 A1 12.26104 0.02356
t1 2.07456 0.00965 t1 471.91 1.25606 t1 495.4137 1.27545 t1 42.53795 0.15986
A2 11.2601 0.02207 A2 11.1556 0.02278 A2 12.33789 0.02395 A2 14.67084 0.01027
t2 39.73751 0.14957 t2 39.07634 0.15228 t2 42.69658 0.1617 t2 495.6587 1.2718
A3 11.93531 0.00981 A3 25.12374 0.06517 A3 26.17295 0.0658 A3 25.98323 0.06634
t3 455.4392 1.17465 t3 1.95366 0.00903 t3 2.22275 0.01004 t3 2.14589 0.00979
   
Chi^2/DoF 0.01974 Chi^2/DoF 0.02326 Chi^2/DoF 0.03711 Chi^2/DoF 0.03686
R^2 0.99819 R^2 0.99822 R^2 0.99881 R^2 0.9988
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 212.1823 0.00554 y0 207.6011 0.00665 y0 191.499 0.01195 y0 191.499 0.01172
A1 8.67269 0.00906 A1 10.19624 0.02091 A1 13.23923 0.02459 A1 16.05795 0.01068
t1 405.0972 1.08393 t1 36.62147 0.14097 t1 44.07368 0.16112 t1 503.3131 1.25837
A2 9.90359 0.0197 A2 9.85392 0.00905 A2 16.27541 0.01079 A2 27.44728 0.0673
t2 36.3629 0.13597 t2 429.833 1.13606 t2 506.2361 1.27026 t2 2.27188 0.01002
A3 20.95108 0.05265 A3 23.17386 0.05798 A3 27.41861 0.06709 A3 13.27635 0.02463
t3 1.97716 0.009 t3 1.90797 0.00857 t3 2.30326 0.01013 t3 43.42059 0.15774
   
Chi^2/DoF 0.01172 Chi^2/DoF 0.0133 Chi^2/DoF 0.03418 Chi^2/DoF 0.03649
R^2 0.998 R^2 0.99794 R^2 0.99883 R^2 0.99883
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 287.5637 0.00442 y0 285.2111 0.00456 y0 258.955 0.01112 y0 256.7746 0.01193
A1 6.42257 0.00587 A1 7.90901 0.01719 A1 13.08232 0.02403 A1 13.45558 0.02452
t1 422.5529 1.12839 t1 31.82315 0.12195 t1 43.78565 0.15743 t1 44.29572 0.15875
A2 7.65921 0.0162 A2 6.81228 0.00633 A2 26.34113 0.06343 A2 16.10394 0.01073
t2 32.2359 0.11988 t2 415.2463 1.09553 t2 2.38949 0.01043 t2 507.3074 1.28275
A3 16.59666 0.04211 A3 17.96583 0.04559 A3 15.55953 0.01056 A3 27.18737 0.06577
t3 1.83191 0.00847 t3 1.76476 0.00812 t3 497.9405 1.23628 t3 2.36551 0.01033













Appendix 3: Experimental Results PlotsChi^2/DoF 0.36604 Chi^2/DoF 0.3697 Chi^2/DoF 0.47973 Chi^2/DoF 0.40584
R^2 0.90825 R^2 0.90553 R^2 0.91145 R^2 0.91477
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 37.73896 0.00756 y0 37.86574 0.00766 y0 34.59048 0.00869 y0 36.48543 0.0081
A1 8.17845 0.02357 A1 8.06221 0.02355 A1 9.53517 0.02692 A1 8.90866 0.02452
t1 189.7403 1.03319 t1 191.9402 1.06519 t1 190.6248 1.01909 t1 194.3388 1.02239
   
Chi^2/DoF 1.17898 Chi^2/DoF 1.1676 Chi^2/DoF 1.40639 Chi^2/DoF 1.37137
R^2 0.91648 R^2 0.91369 R^2 0.92151 R^2 0.91863
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 80.76569 0.01432 y0 80.39553 0.01449 y0 76.47593 0.0162 y0 77.928 0.01592
A1 15.15762 0.04079 A1 14.73698 0.04016 A1 16.93911 0.04359 A1 16.4277 0.04318
t1 204.1163 1.07617 t1 208.5866 1.12659 t1 213.3479 1.10169 t1 212.0378 1.11438
   
Chi^2/DoF 1.90767 Chi^2/DoF 1.89746 Chi^2/DoF 2.24727 Chi^2/DoF 2.20747
R^2 0.92011 R^2 0.91466 R^2 0.92561 R^2 0.9253
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 133.1601 0.01887 y0 132.0387 0.01894 y0 127.8331 0.02169 y0 128.0462 0.02147
A1 19.53953 0.05076 A1 18.76408 0.05043 A1 21.71245 0.05333 A1 21.47843 0.05289
t1 213.4004 1.11262 t1 215.0867 1.16529 t1 228.0958 1.16928 t1 227.7888 1.16972
   
Chi^2/DoF 1.74412 Chi^2/DoF 1.94089 Chi^2/DoF 2.78947 Chi^2/DoF 2.79663
R^2 0.91214 R^2 0.90811 R^2 0.92741 R^2 0.92672
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 201.2932 0.01676 y0 196.9649 0.01837 y0 186.2921 0.02482 y0 186.1179 0.02485
A1 18.17831 0.05091 A1 18.45807 0.05234 A1 24.36507 0.05859 A1 24.27301 0.05867
t1 193.7475 1.03561 t1 204.0751 1.13365 t1 234.8177 1.20012 t1 234.7666 1.20592
   
Chi^2/DoF 0.93659 Chi^2/DoF 1.22544 Chi^2/DoF 2.91258 Chi^2/DoF 2.93858
R^2 0.88845 R^2 0.8919 R^2 0.92743 R^2 0.92734
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 281.8276 0.01116 y0 275.5721 0.01332 y0 250.7956 0.02505 y0 250.0554 0.02516
A1 12.1907 0.04023 A1 13.88778 0.04439 A1 24.9707 0.06026 A1 25.06407 0.06053
t1 166.5655 0.98371 t1 179.0348 1.05382 t1 231.6446 1.17797 t1 231.664 1.17893
   
Chi^2/DoF 0.05548 Chi^2/DoF 0.05499 Chi^2/DoF 0.06907 Chi^2/DoF 0.06094
R^2 0.98591 R^2 0.98591 R^2 0.98728 R^2 0.98731
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 37.56189 0.00536 y0 37.43122 0.00521 y0 34.17837 0.00599 y0 35.98669 0.00578
A1 10.02676 0.03698 A1 10.26944 0.03773 A1 11.49603 0.04071 A1 10.45862 0.03757
t1 11.66972 0.07304 t1 11.08904 0.06868 t1 11.99832 0.07246 t1 12.44596 0.07659
A2 6.23002 0.00957 A2 6.21937 0.00949 A2 7.33273 0.01076 A2 6.90602 0.01009
t2 320.7665 1.20158 t2 315.8856 1.16248 t2 320.9088 1.14576 t2 326.3871 1.17817
   
Chi^2/DoF 0.16981 Chi^2/DoF 0.18614 Chi^2/DoF 0.21837 Chi^2/DoF 0.20383
R^2 0.98809 R^2 0.98654 R^2 0.98793 R^2 0.98787
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 79.84148 0.00995 y0 79.27486 0.01004 y0 75.52125 0.01105 y0 77.0975 0.01078
A1 17.97924 0.06435 A1 11.95109 0.0165 A1 13.75068 0.01807 A1 19.54291 0.07265
t1 11.78585 0.07141 t1 328.5514 1.15695 t1 331.2871 1.11365 t1 11.0733 0.06901
A2 12.04393 0.01623 A2 19.21195 0.07262 A2 20.56855 0.07627 A2 13.22658 0.01752
t2 334.8233 1.157 t2 10.08678 0.06311 t2 10.75213 0.06658 t2 333.1846 1.13342
   
Chi^2/DoF 0.27076 Chi^2/DoF 0.27504 Chi^2/DoF 0.3185 Chi^2/DoF 0.31227
R^2 0.98865 R^2 0.98757 R^2 0.98946 R^2 0.98935
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 132.1936 0.01271 y0 131.1265 0.01258 y0 126.8542 0.01441 y0 127.2709 0.01441
A1 23.03275 0.0826 A1 23.73008 0.08816 A1 17.94605 0.02123 A1 17.64022 0.0211
t1 11.38847 0.06868 t1 10.11179 0.06209 t1 349.1531 1.11958 t1 350.9292 1.14181
A2 15.72712 0.02013 A2 15.20671 0.01976 A2 24.96216 0.0904 A2 24.32472 0.08832
t2 338.1688 1.12789 t2 335.7346 1.14056 t2 11.16937 0.06761 t2 11.48409 0.06997
   
Chi^2/DoF 0.23382 Chi^2/DoF 0.27199 Chi^2/DoF 0.38519 Chi^2/DoF 0.3877




















Appendix 3: Experimental Results PlotsParam. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 201.2952 0.01035 y0 196.7102 0.01172 y0 185.5137 0.01665 y0 184.8753 0.01654
A1 22.59869 0.08004 A1 24.40949 0.0902 A1 27.15865 0.09776 A1 27.46508 0.09869
t1 10.45477 0.062 t1 9.53824 0.058 t1 11.55883 0.06973 t1 11.41245 0.06862
A2 13.79446 0.0196 A2 14.65177 0.01999 A2 20.1333 0.02305 A2 20.13666 0.02315
t2 308.1942 1.03462 t2 321.1828 1.09534 t2 360.3643 1.15758 t2 358.1846 1.148
   
Chi^2/DoF 0.12473 Chi^2/DoF 0.16413 Chi^2/DoF 0.38291 Chi^2/DoF 0.41296
R^2 0.98508 R^2 0.98593 R^2 0.99 R^2 0.99003
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 281.3477 0.00716 y0 273.9635 0.00819 y0 250.7644 0.01658 y0 248.1299 0.0173
A1 8.94334 0.01443 A1 10.75005 0.01633 A1 20.15272 0.02318 A1 20.96723 0.02407
t1 296.578 1.0939 t1 296.6514 1.03611 t1 359.5378 1.15447 t1 360.6282 1.1592
A2 17.50575 0.06066 A2 20.35305 0.07126 A2 27.2706 0.09623 A2 28.22356 0.09958
t2 9.6872 0.05577 t2 9.21897 0.05325 t2 11.87167 0.07052 t2 11.96078 0.0711
   
Chi^2/DoF 0.00825 Chi^2/DoF 0.00799 Chi^2/DoF 0.0101 Chi^2/DoF 0.00917
R^2 0.99787 R^2 0.99797 R^2 0.99816 R^2 0.9981
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 37.40914 0.00388 y0 37.12297 0.00382 y0 33.69666 0.00461 y0 35.58329 0.00443
A1 12.23632 0.03699 A1 5.91993 0.01263 A1 6.43727 0.00571 A1 6.27105 0.01299
t1 1.63294 0.00876 t1 32.85631 0.12645 t1 442.7325 1.20067 t1 36.43486 0.14109
A2 5.89101 0.01255 A2 12.31772 0.03623 A2 6.69029 0.014 A2 6.08244 0.00535
t2 33.61569 0.13118 t2 1.65512 0.00869 t2 36.54842 0.14168 t2 445.6414 1.21878
A3 5.43504 0.00492 A3 5.52914 0.00474 A3 13.24136 0.03751 A3 12.35584 0.03692
t3 431.7851 1.17749 t3 433.273 1.13323 t3 1.99373 0.01022 t3 1.84539 0.00985
   
Chi^2/DoF 0.0247 Chi^2/DoF 0.02455 Chi^2/DoF 0.02747 Chi^2/DoF 0.026
R^2 0.99825 R^2 0.99817 R^2 0.99846 R^2 0.99844
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 79.17322 0.00799 y0 79.04048 0.00779 y0 74.63885 0.00872 y0 76.31027 0.00843
A1 20.56314 0.05738 A1 9.92955 0.02175 A1 10.78602 0.02246 A1 10.5238 0.0218
t1 2.092 0.01058 t1 36.60817 0.14741 t1 40.1781 0.15889 t1 39.59904 0.15528
A2 10.13081 0.02153 A2 10.33233 0.00834 A2 11.94544 0.00946 A2 21.48279 0.05779
t2 38.12027 0.15122 t2 464.0885 1.25986 t2 470.196 1.24396 t2 2.17811 0.01062
A3 10.5389 0.00862 A3 21.06013 0.05849 A3 22.34498 0.05851 A3 11.58936 0.00907
t3 466.402 1.27812 t3 1.99259 0.01001 t3 2.25502 0.01075 t3 470.1829 1.23575
   
Chi^2/DoF 0.03619 Chi^2/DoF 0.03497 Chi^2/DoF 0.04017 Chi^2/DoF 0.04096
R^2 0.99847 R^2 0.99842 R^2 0.99866 R^2 0.9986
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 131.3264 0.01016 y0 130.3961 0.00933 y0 125.3683 0.0117 y0 126.0894 0.01171
A1 12.41316 0.02571 A1 13.44208 0.01006 A1 13.06929 0.02669 A1 13.07305 0.02677
t1 39.98037 0.1569 t1 463.7808 1.16189 t1 42.14272 0.16531 t1 41.63107 0.16366
A2 26.20718 0.0676 A2 12.14126 0.026 A2 15.88894 0.01117 A2 28.01123 0.07096
t2 2.22079 0.0104 t2 36.99642 0.14596 t2 493.6835 1.26375 t2 2.28191 0.01048
A3 13.7938 0.01064 A3 27.40984 0.06905 A3 28.22021 0.06906 A3 15.65456 0.01116
t3 474.966 1.25323 t3 2.04348 0.00933 t3 2.37669 0.0106 t3 492.8497 1.2805
   
Chi^2/DoF 0.03196 Chi^2/DoF 0.03677 Chi^2/DoF 0.046 Chi^2/DoF 0.0471
R^2 0.99842 R^2 0.99832 R^2 0.99879 R^2 0.99878
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 198.9922 0.00861 y0 194.3897 0.00978 y0 183.7343 0.01319 y0 183.266 0.01326
A1 12.32051 0.01066 A1 12.31401 0.02658 A1 30.77896 0.07284 A1 14.61711 0.02883
t1 449.3035 1.19014 t1 37.74606 0.15082 t1 2.45466 0.01061 t1 42.42804 0.16051
A2 12.06115 0.02503 A2 28.22983 0.06975 A2 14.46696 0.02845 A2 31.08435 0.07439
t2 39.05333 0.15202 t2 2.11374 0.00949 t2 43.00231 0.16292 t2 2.40435 0.01049
A3 25.58807 0.06273 A3 13.15771 0.01038 A3 17.99869 0.01178 A3 18.16816 0.01177
t3 2.29978 0.01035 t3 467.8821 1.24938 t3 505.9829 1.26153 t3 505.8238 1.25295
   
Chi^2/DoF 0.01726 Chi^2/DoF 0.02252 Chi^2/DoF 0.04587 Chi^2/DoF 0.04736
R^2 0.99797 R^2 0.99813 R^2 0.99885 R^2 0.99886
Param. Value Error Param. Value Error Param. Value Error Param. Value Error
   
y0 280.5563 0.00542 y0 272.9978 0.00628 y0 247.8776 0.0136 y0 246.4976 0.01396
A1 9.18484 0.02003 A1 10.26696 0.02263 A1 30.79791 0.07136 A1 18.7539 0.01199
t1 32.87515 0.12546 t1 33.69112 0.13124 t1 2.56503 0.0109 t1 514.7365 1.2883
A2 7.67014 0.00725 A2 9.35008 0.00841 A2 14.8093 0.02846 A2 15.10501 0.02878
t2 423.4799 1.16415 t2 425.4106 1.11267 t2 43.86563 0.16289 t2 44.17444 0.16316
A3 19.59838 0.0494 A3 22.73828 0.05578 A3 18.39757 0.01179 A3 31.34073 0.07247
t3 1.98858 0.00924 t3 2.03892 0.00922 t3 512.7458 1.27817 t3 2.5656 0.01087















See Appendix 3, A3 sheets, from page 295
A3.3.2. EJECTION PROFILES
See Appendix 3, A3 sheets, from page 297
A3.4. TABLET SURFACE ROUGHNESS PARAMETERS
A3.4.1. AVERAGE SURFACE ROUGHNESS (Ra) PLOTS
See Appendix 3, A3 sheets, page 301
A3.4.2. SQUARE ROOT AVERAGE SURFACE ROUGHNESS (Rq) PLOTS
See Appendix 3, A3 sheets, page 302
A3.5. TABLET HARDNESS
See Appendix 3, A3 sheets, from page 303Page 280






































































































































































































































































































































































































Compaction Velocity [mm.s-1] Compaction Velocity [mm.s-1] Compaction Velocity [mm.s-1] Compaction Velocity [mm.s-1]
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